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IN"  his  Report  for  the  year  1881,  Mr.  E.  P.  Seaver,  Superintendent 
of  the  Public  Schools  of  Boston,  says  :  — 
"  It  is  a  cardinal  principle  in  modern  pedagogy  that  the  mind 
gains  a  real  and  adequate  knowledge  of  things  only  in  the  presence 
of  the  things  themselves.  Hence  the  first  step  in  all  good  teaching 
is  an  appeal  to  the  observing  powers.  The  objects  studied  and  the 
studying  mind  are  placed  in  the  most  direct  relations  with  one 
another  that  circumstances  admit.  Words  and  other  symbols  are 
not  allowed  to  intervene,  tempting  the  learner  to  satisfy  his  mind 
with  ideas  obtained  at  second-hand.  One  application  of  this  prin- 
ciple is  seen  in  the  so-called  object-teaching ;  but  the  px'inciple  is 
applicable  to  all  teaching,  and  all  methods  of  teaching  based  on 
it  are  known  as  objective  methods.  The  theory  goes  even  further, 
and  declares,  in  general,  that  no  teaching  which  is  not  objective  in 
method  can  properly  be  called  teaching  at  all.  Hence  we  have  this 
test :  Is  our  teaching  objective  in  method  ?  " 

This  unequivocal  language,  from  the  pen  of  one  of  our  foremost 
educators,  faithfully  and  forcibly  reflects  the  sentiment  of  the  age, 
and  leaves  nothing  further  that  need  be  said  in  advocacy  of  object 
or  inductive  teaching.  The  question  for  us  to  consider  is.  How  shall 
object-teaching  be  conducted?  Shall  the  teacher  manipulate  the 
apparatus,  and  the  pupil  act  the  part  of  an  admiring  spectator? 
or.  Shall  the  pupil  be  supplied  with  such  apparatus  as  he  cannot 
conveniently  construct,  always  of  the  simplest  and  least  expensive 
feind,  with  which  he  shall  be  required,  under  the  guidance  of  his 
teacher,   to   interrogate   Nature   with   his   own   hands?      By   which 
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method  will  he  acquu-e  the  most  vigorous  growth,  and  be  most 
likely  to  catch  something  of  the  spirit  which  animates  and  encourages 
the  faithful  investigator  ?  Can  elegantly  illustrated  works  and  lucid 
lectures  on  anatomy  and  operative  surgery  take  the  place  of  the 
dissecting  room  ?  Have  lecture-room  displays  proved  very  effectual 
in  awakening  thought  and  in  kindling  fires  of  enthusiasm  in  the 
young?  Or  would  a  majority  of  our  practical  scientists  date  their 
first  inspiration  from  more  humble  beginnings,  with  such  rude  uten- 
sils, for  instance,  as  the  kitchen  affords?  Is  the  efficiency  of  instruc- 
tion in  tlie  natural  sciences  to  be  estimated  by  the  amount  of  costly 
apparatus  kept  on  show  in  glass  cases,  labelled  "  hands  off,"  or  by 
its  rude  pine  tables  and  crude  apparatus  bearing  the  scars,  scratches, 
and  other  marks  of  use  ?  AVhy  should  this  fundamental  study,  which 
logically  precedes  all  other  experimental  sciences,  and  ought  there- 
fore, beyond  all  others,  to  be  sound  and  thorough,  be  left  in  the 
condition  of  "  a  mere  cram  subject "  ? 

Fortunately  we  are  able  to  appeal  to  experience  in  a  kindred 
field  for  an  answer  to  the  first  two  questions  propounded.  During 
the  last  twenty  years  there  has  been  almost  a  universal  change 
from  the  former  method  of  instruction  in  Chemistry  to  the  latter, 
so  that  to-day  our  best  high  schools  and  academies  are  provided 
with  chemical  laboratories  for  pupils'  work.  The  result  has  been 
that  this  branch,  which  was  formerly  a  dull  and  almost  profitless 
study,  has  become  one  of  the  most  interesting  and  useful  in  the  high 
school  curriculum.  Is  there  any  reason  why  laboratory  practice  should 
not  do  a  similar  work  for  Physics?  In  other  words.  Do  not  the  same 
arguments  that  have  been  urged  for  the  introduction  of  chemical 
laboratories  apply  with  equal  propriety  and  force  m  advocacy  of 
physical  laboratories  ? 

But  it  is  claimed  by  some  that  "  In  Physics  the  laboratory  practice 
must  necessarily  be  somewhat  limited,"  and  the  usual,  and  almost 
the  only  reason  given,  is  "on  account  of  the  expense."  This  objec- 
tion   rests    upon    the    flimsiest    of    foundations.      The    expense   of 
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equipping  and  maintaining  a  physical  laboratory  which  will  answer 
the  requirements  of  this  book,  ought  to  be  considerably  less  than 
a  similar  expense  to  meet  the  demands  of  Eliot  and  Storer's  Ele- 
mentary Manual  of  Chemistry.  In  the  English  High  School,  in  the 
city  of  Boston,  the  sum  of  three  hundred  dollars  has  furnished  a 
physical  laboratory  which  answers  the  requirements  of  a  large 
school.  Many  and  many  a  school  has  invested  in  showy  but  almost 
useless  apparatus,  —  for  example,  in  trifling  electric  playthings,  —  a 
sum  of  money  which  would  go  far  towards  the  establishment  of  a 
simple  working  laboratory.  But  more,  much  more,  depends  upon 
the  teacher  than  the  cost  of  material.  "  If  he  has  the  real  scientific 
spirit,  he  will  do  a  great  deal  with  small  appliances;  but  if  his 
work  is  done  in  a  perfunctory  manner,  then  the  best  equipment  in 
the  world  will  serve  him  but  scantily." 

Although  this  book  has  been  prepared  with  a  view  to  laboratory 
work,  it  may,  in  common  with  all  text-books,  be  used  as  a  mere  cram- 
book.  It  may  be  advantageously  used  by  those  teachers  who  prefer 
or  are  compelled,  by  a  real  or  a  supposed  want  of  time,  to  perform 
experiments  themselves  with  elaborate  apparatus.  Such  apparatus,  if 
the  teacher  possesses  it,  is  best  explained  to  the  pupil  viva  voce,  and 
pictures  of  the  apparatus  are  not  needed,  while  the  book  will  serve  an 
additional  and  an  important  purpose  of  showing  how  the  same  results 
may  be  obtained  in  a  more  simple  way.  The  great  central  ideas 
which  are  kept  prominent  throughout  the  book,  and  which  serve  to 
connect  the  different  departments  of  Physics  in  one  coherent  whole, 
are  the  doctrines  of  the  conservation  of  energy  and  the  correlation 
of  forces.  So  far  as  practicable,  experiments  precede  the  statements 
of  definitions  and  laws,  and  the  latter  are  not  given  until  the  pupil 
is  prepared,  by  previous  observation  and  discussion,  to  frame  them  for 
himself.  The  subjects  are  so  ai-ranged  that,  in  case  a  year  is  devoted 
to  this  study.  Heat  and  Electricity  may  be  studied  in  the  winter 
months,  and  Lifjht  in  the  sunny  days  of  simimer. 

Many  problems  are  given  in  connection  with  the  various  principlw 
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and  laws.  It  is  not  expected  that  all  pupils  will  perform  all  the 
problems ;  but  the  teacher  will  select  judiciously  from  them.  If  the 
minds  of  the  pupils  are  quite  immature,  or  the  time  devoted  to  this 
study  is  very  limited,  it  would  be  advisable  to  omit  some  of  the 
more  difficult  topics ;  such,  for  instance,  as  are  treated  iu  §§  93-97, 
and  others.     Most  teachers  prefer  tlie  "  too  much  "  to  the  "  too  little." 

Everjr  teacher  has  a  method  of  his  own.  But  perhaps  the  follow- 
ing plan,  practised  by  the  author,  may  be  suggestive  to  some :  He 
divides  the  experiments  into  three  classes:  home,  laboratoi-y,  and 
lecture-room  experiments.  The  first  class  is  indicated  in  the  assign- 
ment of  a  lesson.  They  are  such  as  may  be  performed  with  such 
simple  means  as  every  pupil  has  at  his  home.  The  laboratory  experi- 
ments are  conducted  as  follows :  Suppose  that  the  number  of  pupils 
engaged  a.t  one  time  is  fifteen,  about  as  many  as  one  teacher  can  care 
for  successfully,  and  that  the  number  of  experiments  to  be  performed 
during  the  hour  is  five,  which  is  about  an  average  number;  then,  to 
save  a  nmltiplicity  of  apparatus  of  the  same  kind,  only  three  sets  of 
apparatus  of  a  kind  are  provided  for  each  experiment.  As  soon  as  a 
pupil  completes  an  experiment  with  one  piece  of  apparatus,  he  looks 
about  for  an  idle  piece  of  some  other  kind;  or,  finding  none, 
he  improves  the  time  in  vvriting  notes  on  his  experiments  until 
apparatus  is  ready  for  him;  in  this  way  each  pupil  performs  five 
experiments  during  the  hour,  and  devotes  an  average  time  of  twelve 
minutes  to  each  experiment,  including  the  time  of  "writing  notes. 
The  third  class  of  experiments  includes  such  as  require  the  use  of 
apparatus  that  cannot  safely  be  placed  in  the  hands  of  pupils, — n 
very  limited  number,  —  and  those  which  have  been  performed  by 
the  pupils,  and  which  the  teacher  may  wish  to  repeat  in  a  more 
elaborate  way. 

Laboratory  practice  and  didactic  study  should  go  hand  in  hand, 
and  divide  time  with  one  another  about  equally.  In  general,  let  the 
experiment  precede  the  instruction,  the  pupils  being  guided  in  their 
investigations  in  the  proper  channels  by  the  book  and  by  blackboard 
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directions.  Do  not  teach  pupils  to  swim  before  entering  the  water. 
Supt.  Seaver,  in  another  part  of  his  report,  exclaims :  — 

"How  many  of  our  text-books  begin,  not  with  the  suggestion  of 
concrete  illustrations,  but  with  abstract  definitions,  and  still  more 
abstract  'first  principles,'  —  blind  guides  to  the  blind  teacher,  and 
sources  of  perplexity  to  teachers  who  are  not  blind,"  etc. 

Why  should  the  pupil  so  frequently,  to  his  great  discouragement, 
be  called  upon  to  break  through  a  wall  of  such  difficulties  before 
coming  in  contact  with  Nature? 

The  author  would  take  this  occasion  to  acknowledge  with  pro- 
found thanks  his  indebtedness  to  many  distinguished  professors  of 
Physics  for  valuable  assistance.  Professor  C.  K.  Wead  of  Michigan 
University  has  read  the  entire  work  in  manuscript,  and  Dr.  C.  S. 
Hastings  of  Johns  Hopkins  University  has  read  the  larger  portion 
in  manuscript  and  the  remainder  in  proof-sheets ;  and  their  many 
practical  suggestions  have  largely  contributed  to  whatever  of  success 
may  have  been  achieved.  Prof.  T.  C.  JMendenhall  of  the  Ohio  State 
University  has  rendered  valuable  assistance  in  the  preparation  of  the 
summary  of  mechanical  formulas  and  units  on  page  128,  as  well  as 
in  the  revision  of  the  proofs.  To  Professors  A.  E.  Dolbear,  Tufts 
College;  C.  R.  Cross  and  S.  W.  Holman,  Mass.  Inst,  of  Technology; 
C.  F.  Emerson,  Dartmouth  College ;  J.  E.  Davies,  University  of  Wis- 
consin; B.  C.  Jillson,  Western  University  of  Pemisylvania ;  A.  C. 
Perkins,  Exeter  Academy;  J.  E.  Vose,  Cushing  Academy,  Ashbum- 
ham;  J.  O.  Norris,  East  Boston  High  School;  G.  C.  Mann,  Jamaica 
Plain  High  School ;  and  others,  who  have  kindly  and  patiently  read 
and  criticised  the  proofs  as  they  have  passed  through  the  press,  our 
hearty  thanks  are  due. 

Under  the  guidance  and  counsel  of  such  an  array  of  distinguished 
instructors,  we  may  well  feel  a  degree  of  confidence  that  the  teachings 
of  the  book  are  not  far  wiong.  Yet  it  should  be  distinctly  xmder- 
stood,  that  for  any  errors  whicli  may  have  crept  into  the  book,  the 
piuthor  holds  himself  entirely  responsible, 
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rr^HREE  years  ago,  having  been  reqnested  to  prepare  a  text-book  on 
Physics  for  use  in  the  Higli  Schools  of  Ontario,  I  began  a  care- 
ful examination  of  the  elementary  works  on  that  subject  lately  pub- 
lished in  America  and  in  England.  The  result  was  that  I  reached  the 
conclusion  that  an  adaptation  of  "  The  Elements  of  Physics,"  by  Mr. 
Gage,  of  the  Boston  High  School,  would  meet  the  wants  of  our  Ontario 
schools  better  than  a  book  prepared  independently. 

One  who  examines  this  book  will  observe  that  changes  have  been 
made  with  a  view  to  throwing  more  upon  the  pupil  himself.  In  most 
cases  the  phenomena  attending  experiments  are  not  described,  but  a 
description  of  them  is  asked  for.  The  object  of  this  is  to  cultivate 
the  pupil's  power  of  observation,  and  also  to  make  it  necessary  that  he 
shall  make  the  experiments,  instead  of  simply  taking  them  for  granted 
as  is  too  often  the  case.  Again,  the  conclusions  to  be  drawn  fi-om 
experiments  are,  in  most  cases,  asked  from  the  pupil,  who  should  re- 
ceive from  his  teacher  just  as  much  assistance  as  is  necessary  to  pre- 
vent him  from  drawing  and  adhering  to  wrong  conclusions. 

A  few  sections  have  been  added,  and  a  few  have  been  left  out,  in 
order  to  make  the  contents  of  the  book  just  cover  the  course  in 
Physics  prescribed  for  the  High  Schools  of  Ontario.  From  an  ex- 
amination of  the  new  regulations,  in  which  the  course  in  Physics  is 
given  in  detail,  teachers  will  easily  see  what  sections  of  this  book 
should  be  read  by  pupils  \n  any  particular  class.  ' 
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CHAPTER   I. 
MATTER     AND     ITS     PROPERTIES. 

INTRODUCTION. 

Means  by  which  we  obtain  a  knowledge  of  Nature.  — 
We  are  provided  with  meaos  of  gaining  a  knowledge  of  the  things 
about  us.  We  hear  sounds,  we  see  light,  we  smell  odors,  we  feel 
heat,  we  feel  the  contact  of  other  things,  and  we  taste.  Thus 
we  have  six  gates  through  which  information  concerning  the 
outside  world  may  reach  us.  These  gates  are  called  senses, 
and  any  information  received  through  one  of  them  is  called  a 
sensation.  Moreover,  we  have  the  power  of  reasoning ;  and 
through  our  senses,  aided  by  reasoning,  we  acquire  what  knowl- 
edge of  Nature  we  can. 

ODR   SENSES    SOMETIMES    DECEIVE   US. 

It  must  not  be  forgotten  that  we  are  often  deceived  by  our 
senses,  or,  it  may  be,  by  our  reasoning.  We  believe  we  have 
seen  what  we  have  not  seen,  or  have  heard  what  we  have  not 
heard.  Thus  to  nearly  every  one,  perhaps  to  every  one,  the 
full  moon  appears  larger  when  near  the  horizon,  than  when 
nearly  overhead.  You  may  prove  that  this  is  an  illusion  by 
holding  a  five-cent  piece  at  arm's-length,  nearly  in  a  line  be- 
tween your  eye  and  the  moon  in  the  two  positions.  Again, 
when  that  beautiful  meteorite  shot  across  the  sky  in  June,  1884, 
many  who  saw  it  afHrmed  afterwards  that  they  had  heard  it 
whiz,  while  others,  having  quite  as  acpte  a  sense  of  hearing, 
experienced  no  such  sensation.  Doubtless,  the  former  were 
deceived  through  mistaking  the  meteorite  for  a  rocket.    As  thej' 
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had  always  heard  a  rocket  whiz,  they  inferred  that  the  meteor- 
ite did  likewise.  It  is  proverbial  that  a  story  changes  wonder- 
fully as  it  passes  from  month  to  month,  and  this  has  been  set 
down  as  the  effect  of  moral  depravity  in  mankind.  But  it  is 
rather  the  effect  of  mixing  up  inferences  with  sensations.  The 
Student  of  nature,  if  he  is  to  succeed,  must  learn,  among  other 
things,  not  to  allow  unconscious  inference  to  take  the  place  of 
observation. 

ORDER    OF    NATURE. 

The  most  careless  observer  of  Nature  must  notice  that  some 
events  take  place  in  a  regular  order,  and  that  some  causes  are 
always  followed  by  the  same  effect ;  he  must  see,  in  short,  that 
there  is  an  order  of  nature^  and  that  all  things  do  not  happen 
by  chance.  The  careful  observer  of  nature,  aided  by  the  labors 
of  those  who  have  gone  before  him,  cannot  but  believe  that 
nothing  haiypeiis  by  chance.  It  is  tlie  province  of  science  to 
investigate  this  order  of  nature.  Much  has  been  done,  but 
much  more  remains  to  be  done. 

A    LAVr    OF    NATURE. 

When  we  have  discovered  a  fact  concerning  the  order  of 
Nature,  we  call  a  simple  statement  of  this  fact  a  law  of  nature. 
We  state  a  law  of  Nature  as  fully  and  precisely  as  we  are 
acquainted  with  the  facts  of  which  it  is  a  statement.  Further 
investigation  may  lead  us  to  amend  it,  or  even  to  substitute 
another  for  it.  Thus,  long  ago,  "  Nature  ablicrs  a  vacuum  " 
was  given  as  a  law  of  Nature,  and  was  based  on  such  observa- 
tions as  had  been  made  up  to  that  time.  But  furtlier  observa- 
tions, of  which  you  will  learn  more  hereafter,  led  men  to 
abandon  it. 

A  LAW  OF  NATURE  IS  NOT  A  CAUSE. 

It  is  necessary  to  l)oar  in  mind  that  a  law  of  nature  is  not  a 
cause.  When  Newton,  from  seeing  an  :ii)[)le  fall  in  his  orchard, 
was   led,  from   further   observation    and   powerful   reasoning. 
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to  enunciate  the  sublime  law  of  gravitation,  he  did  not  discover 
the  cause  of  the  falling.  No  one  since  Newton's  time  has  dis- 
covered the  cause  of  a  tendency  on  the  part  of  bodies  to  move 
toward  one  another,  and  it  may  be  doubted  whether  any  one 
will  ever  discover  that  cause. 

MATTER    AND    PHENOMENA. 

It  has  been  saitl  that  any  information  of  the  world  about  us 
that  we  receive  through  our  senses  is  called  a  sensation.  That 
which,  acting  on  our  sensiferous  organs,  may  produce  a  sen- 
sation is  called  a  natural  phenomenon.  Again,  the  source  of 
all  natural  phenomena  is  matter.  You  have  a  sensation  that 
causes  you  to  say  that  you  see  a  red-hot  ball.  The  light  which, 
acting  on  the  sensiferous  organs,  produces  the  sensation,  is  a 
natural  phenomenon.  The  ball  itself,  which  is  the  source  of 
the  light,  is  a  portion  of  matter.  In  short,  anything  you  can 
see,  anything  you  can  smell,  anything  you  can  feel.,  anything  you 
can  hear,  anything  you  can  ta^te,  is  matter. 

MATTER    MCST    BE    DISTINGUISHED    FROM     PHENOMENA. 

You  must  be  careful  not  to  confound  matter  with  any 
phenomenon  of  which  it  is  the  source.  Sound  is  not  matter ; 
but  a  bell,  or  anything  else  that  may  be  the  source  of  sound,  is 
matter.  Light  is  not  matter ;  but  the  sun,  or  anything  else  that 
may  be  the  source  of  light,  is  matter.  An  odor  is  not  matter ; 
but  a  piece  of  musk,  or  anything  else  that  may  be  the  source 
of  odor,  is  matter.  A  flavor  is  not  matter ;  but  a  piece  of 
cinnamon,  or  anything  else  that  may  be  the  source  of  a  flavor, 
is  matter.  Heat  is  not  matter  ;  but  the  flame  of  a  candle,  or 
anything  else  that  may  be  the  source  of  heat,  is  matter.  Pain 
is  not  matter ;  but  a  sharp  thorn,  or  anything  else  that  may  be 
the  source  of  pain,  is  matter. 

§  1.  Experimentation.  —We  observe  phenomena  which  arise 
from  natural  conditions  ;  that  is,  from  conditions  with  which 
man  has  nothing  to  do,  and  we    may  learn  much    from  such 
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observations  if  they  are  carefully  attended  to.  But  we  may 
have  some  doubt  concerning  the  exact  conditions  under  which  a 
certain  phenomenon  arises.  We  then  bring  about  accurately 
known  artifical  conditions,  and  observe  the  phenomenon  arising. 
In  tills  way  our  knowledge  becomes  more  accurate  or  scientific. 

It  is  a  matter  of  common  observation  that  water  sometimes 
freezes,  and  that  it  freezes  when  the  temperature  is  low.  By 
trial  we  may  ascertain  the  exact  conditions  under  which  water 
changes  into  ice.  Whenever  we  place  natural  objects  under 
certain  accurately  known  artificial  conditions,  for  the  purpose 
of  observing  the  resulting  phenomenon,  we  make  an  experiment. 
It  is,  of  course,  necessar}'  that  we  know  exactly  the  conditions 
present  in  any  experiment,  or  our  trial,  instead  of  teaching, 
will  deceive  us.  It  is  not  an  easy  task  to  make  an  experiment, 
and  properly  to  read  the  lesson  that  it  teaches,  because  it  is 
very  difficult  to  exclude  all  conditions  whose  presence  we  do 
not  desire  ;  and  often  conditions  are  present  without  our  know- 
ledge. 

An  experiment  is  a  question  put  to  Nature.  We  receive 
the  answer  by  means  of  a  phenomenon;  that  is,  a  change 
which  we  observe,  sometimes  by  the  sight  or  hearing,  some- 
times by  other  senses.  In  every  experiment  certain  facts  or 
conditions  are  always  known  ;  and  the  inquiry  consists  in  as- 
certaining the  facts  or  conditions  that  follow  as  a  consequence. 
Tlie  following  experiments  and  discussions  will  illustrate:  — 

§  2.  Things  known  and  things  to  be  ascertained.  —  We 
are  certain  that  we  cannot  make  our  right  hand  occupy  the  same 
space  with  our  left  hand  at  the  same  time.  All  experience 
teaches  us  that  no  two  portions  of  matter  can  occupy  the  same 
space  at  the  same  time.  This  property  which  matter  possesses 
of  excluding  other  matter  from  its  own  space,  is  called  impene- 
trability. It  is  peculiar  to  matter;  nothing  else  possesses  it. 
These  facts  being  known,  let  us  proceed  to  put  certain  inter- 
rogatories to  Nature.     Is  air  matter?     Is  a  vessel  full  of  air 
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Fig.  1. 


a  vessel  full  of  nothing?     Is  it  "  empty  "  ?     Can  matter  exist  in 
an  invisible  state? 

Experinifait  1.  Float  a  cork  on  a  surface  of  water,  cover  it  with  a 
tumbler,  or  tall  glass  jar,  and  thrust  the  glass  vessel,  raouth  downward, 
into  the  water.  lu  case  a  tall  jar  (Fig.  1)  is  used,  the  experiment 
may  be  made  more  attractive  by  placing  on  the  cork 
a  lighted  candle.  State  how  the  experiment  answers 
each  of  the  above  questions,  and  what  evidence  it 
furnishes  that  air  is  matter;  or,  at  least,  that  air  is 
like  m  atter. 

Experiment  2.  Hold  a  test-tube  for  a  minute 
over  the  mouth  of  a  bottle  containing  ammonia- 
water.  Hold  another  tube  over  a  bottle  contaiuing 
hydrochloric  acid.  The  tubes  become  filled  with 
gases  that  rise  from  the  bottles,  yet  nothing  can 
be  seen  in  either  tube.  Place  the  mouth  of  the  first 
tube  over  the  mouth  of  the  second,  and  invert. 
Do  you  see  any  evidence  of  the  presence  of  matter? 
Was  this  matter  in  the  tubes  before  they  were 
brought  together?  If  not,  from  what  was  it  formed? 
Which  one  of  the  above  questions  does  this  experi- 
ment answer?    How  does  the  experiment  answer  it? 

Again,  we  are  quite  familiar  with  the  fact  that  matter  exerts  a 
downward  pressure  on  things  upon  which  it   rests  ;    and   that 
matter,  in  a  liquid  state,  at  least,  exerts  pressure  in  other  direc- 
tions than  downward,  as,  for  instance,  against  the  sides  of  the 
Fig.  2.  containing  vessel.     Does  air  exert  pressure? 


Experiment  3,  Thrust  a  tumbler,  mouth  down- 
ward, into  water,  and  slowly  invert.  You  see  bub- 
bles escape  from  the  mouth.  What  is  this  that 
displaces  the  water,  and  forms  the  bubbles?  When 
the  tumbler  becomes  filled  with  water,  once  more 
invert,  keeping  its  mouth  under  the  surface  of  the 
water,  and  raise  it  nearly  out  of  the  water,  as  in 
Figure  2.  Why  does  the  water  not  fall  out?  What 
would  happen  if  you  were  to  make  a  hole  in  the 
bottom  of  the  tumbler?  Make  the  experiment  with  a 
glass  tunnel,  first  closing  the  small  end  with  the  finger,  and  then 
removing  it.    What  conclusion  do  you  draw  from  this? 
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Fig.  3. 


Experiment  4.  Pass  a  glass  tube  through  the  stopper  of  a  bottle 
(Fig.  3).  Attach  a  rubber  tube  to  the  glass  tube.  Exhaust 
the  air  by  "suction"  from  the  bottle;  pinch  the  rubber 
tube  in  the  middle,  insert  the  open  end  into  a  basin  of 
water,  and  then  release  the  tube.  What  causes  the  water 
to  enter  the  bottle  ?  Why  does  not  the  water  fill  the  bot- 
tle ? 

Finall^s  we  know  that  matter  has  weight,  and  noth- 
ing else  has  it.     Has  air  weight  7 

Experiment  5.  Exhaust  the  air  by  means  of  an  air- 
pump  from  a  hollow  globe  (Fig.  4).  Having  turned  the 
stop-cock  to  prevent  the  entrance  of  air,  carefully  balance 
the  globe  on  a  scale-beam,  as  in  Figure  5.  Afterwards  turn 
the  stop-cock  and  admit  the  air.  What  is  the  result  ?  What 
does  it  teach? 

The  experiments  with  air  teach  us  that  it  is  matter, 
since,  like  matter,  it  can  exclude  other  matter  from  the  space  it 
occupies,  it  exerts  pressure,  and  has  weight,  while  all  the  above 
experiments  draw  from  nature  one  reply,  mattek  can  exist  ij\ 

AN   INVISIBLE    STATE. 


Fig.  4. 


Fig.  5. 


§  3.  Minuteness  of  particles  of  matter.  —  Physiologist* 
teach  us,  that,  in  order  to  smell  any  substance,  we  must  take 

into    our    nostrils,    as   we 

breathe,  small  particles  of 

that   substance  which   ai'e 

floating   in   the   air.     The 

air,     for     several     meters 

around,  is  sometimes  filled 

with  fragi'ance  from  a  rose. 

You  caimot  see  anything 

in  the  air,  but  it  is,  never- 
theless, filled  with  a  very 
fine  dust  that  floats  away  from  the  rose.     The  odor  of  rosemary 
at  sea  renders  the  shores  of  Spain  distinguishable  long  before 
they  are  in  sight.     A  grain  of  musk  will  scent  a  room  for  many 
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years,  by  constantly  sending  forth  into  the  air  a  dust  of  musk. 
Though  the  number  of  particles  that  escape  must  be  countless, 
yet  they  are  so  small  that  the  original  grain  does  not  lose 
perceptibly  in  weight. 

The  microscope  enables  us  to  see,  in  a  single  drop  of  stagnant 
water,  a  world  of  living  creatures,  swimming  with  as  much  liberty 
as  whales  in  a  sea.  The  larger  prey  upon  the  smaller,  and  the 
smaller  find  their  food  in  the  still  smaller,  and  so  on,  till  the 
power  of  the  microscope  fails  us.  The  whale  and  the  minnow 
do  not  differ  more  in  size  than  do  some  of  these  animalcules,  the 
largest  of  which  are  hardly  visible  to  the  naked  eye.  But  as 
the  smallest  of  these  perform  very  complex  operations  in  col- 
lecting and  assimilating  food,  we  must  conclude  that  the}'  are 
composed  not  only  of  man}'  particles,  but  of  many  kinds  of 
matter.  These  minute  living  forms  that  people  the  microscopic 
world  are  exceedingly  large,  in  comparison  with  the  incon- 
ceivably minute  particles  called  molecules,  which  physicists  now 
"  measui'e  without  seeing." 


§  4.    The  molecule.  —  Experiment  1.  Examine  carefully  a  drop 
of  water  with  the  uakecl  eye,  or  with  a  microscope.     So  far  as  you  are 
jTjo.  g  able  to  see,  the  space  occupied  by  the  drop  is  entirely 

filled  with  water.  Fill  a  test-tube  with  water  (Fig.  6). 
Insert  a  cork  stopper,  pierced  with  a  glass  tube ;  heat 
over  a  lamp-flame,  and  note  the  phenomena  produced. 
Describe  the  result.  Place  it  in  ice-water.  What  hap- 
pens?   Repeat  this  experiment,  using  other  li(nii(ls,  and 


compare  the  results. 


Fig.  7. 


change  of  volume 


can 


Expand- 
ed state. 


This 

be   explained  only  on  one  of 

two    suppositions  :     the    space 

occupied  b}'  the  water  may,  as 

it   appears,  be   full   of  water, 
which  the  heat  causes  to  expand,  and  occupy  a  greater  space,  as 
represented  graphically  in  Figure  7  ;  or  the  body  of  water  may 
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Fig.  a 


consist  of  a  definite  number  of  distinct  particles  called  molectdet 
(as  represented  in  Figure  8),  separated  from  one  another  by 
spaces  so  small  as  not  to  be  perceptible, 
even  with  the  aid  of  a  microscope.  Expan- 
sion, in  this  case,  is  accounted  for  by  a  simple 
separation  of  molecules  to  greater  distances. 
There  is  no  irtcrease  in  the  number  of  mole- 
cules, no  increase  in  their  size,  only  an  en- 
largement of  space  between  them.  Which 
of  these  suppositious  is  the  more  probable  ? 


Expand- 
ed state. 


Contract- 
ed state. 


Experiment  2.    Place  a  tumbler  full  of  cold 
water  in  a  warm  place,  and  in  about  an  hour 

examine  it.  You  find  many  small  bubbles  of  air  clinging  to  all  parts 
of  the  interior  surface  of  the  glass.  Is  it  probable  that  outside  air 
has  descended  into  the  liquid? 

Experiment  3.  Place  a  tumbler  half  full  of  water  under  a  glass 
receiver  of  an  air-pump  (page  54),  and  exhaust  the  air.  "When  a  very 
good  vacuum  has  been  obtained,  bubbles  of  air  will  be  seen  to  form 
at  all  points  in  the  liquid,  and  to  rise  and  burst  near  the  surface. 

Evidently  the  air  was  previously  in  the  same  space  occupied 
by  the  water.  This  seems  to  contradict  the  first  of  the  above 
suppositions  ;  for,  according  to  that,  the  space  occupied  by  the 
water  is  fall  of  water,  leaving  no  room  for  other  matter.  But 
according  to  the  second  supposition,  the  space  is  not  filled  with 
water ;  there  is  still  room  for  particles  of  other  matter  in  the 
spaces  among  the  molecules  of  water.  Now,  as  we  cannot  con- 
ceive of  two  portions  of  matter  occupying  the  same  space  at 
the  same  time  {e.g.,  where  air  is,  water  cannot  be),  we  con- 
clude that  the  glass  '  *  full  of  water  ' '  is  not  full  of  water.  In  a 
similar  manner,  it  ma}-  be  shown  that  no  visible  body  com- 
pletely fills  the  space  enclosed  by  its  surface,  but  that  there  arc 
spaces  m  every  body  that  may  receive  foreign  matter.  If  there 
are  spaces,  then  the  bodies  of  matter  that  our  eyes  are  per- 
mitted to  see  are  not  continuous,  as  space  is  continuous.  But 
every  visible  body  is  an  aggregation  of  a  countless  number  of 
separate  and  individual  bodies  called  molecules. 
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Perform,  at  your  homes,  the  two  following  experiments : 

Experiment  4.  Pulverize  oue-half  of  a  teaspoonful  of  starch,  and 
boil  it  in  two  tablespooufuls  of  water,  stirring  it  meantime.  What 
phenomena  occur  ?  What  do  they  teach  ?  What  becomes  of  the 
water  ? 

Experiment  5.  Fill  a  bowl  half  full  with  peas  or  beans.  Just  cover 
them  with  tepid  water,  and  set  away  for  the  night.  Examine  in  the 
morning.     What  phenomena  do  you  observe  ?    Explain  each. 

Strictl}-  speaking,  are  bodies  of  matter  impenetrable?  What 
only  is  impenetrable?  When  you  drive  a  nail  into  wood,  do  you 
make  the  two  bodies  occupy-  the  same  space  at  the  same  time  ? 
Do  the  wood  and  the  iron  occupy  the  same  space  ?  How  only 
can  3'ou  explain  this  phenomenon,  consistentl}'  with  the  princi- 
ples of  impenetrabilit}'  of  matter  ? 

§  5.  Theory  of  the  constitution  of  matter.  —  For  reasons 
which  appear  above,  together  with  man}-  others  that  will  appear 
as  our  knowledge  of  matter  is  extended,  ph3sicists  have  gener- 
all}'  adopted  the  following  theory  of  the  constitution  of  matter. 
Every  visible  body  of  matter  is  composed  of  exceedingly  small 
particles^  called  molecxdes ;  in  other  luords,  every  body  is  the  sum 
of  its  molecules.  Xo  two  molecules  of  matter  in  the  universe  are 
in  contact  with  each  other.  Every  molecule  of  a  body  is  separated 
from  its  neighbors,  on  all  sides,  by  inconceivably  small  spaces. 
Every  molecule  is  in  quivering  motion  in  its  little  space,  moving 
back  and  forth  between  its  neighbors,  and  rebounding  from  them. 
Wlien  we  heat  a  body  loe  simply  cause  the  molecules  to  move  more 
rapidly  through  their  spaces ;  so  they  strike  harder  blotvs  on  their 
neighbors,  and  usually  push  them  away  a  very  little;  hence,  the 
size  of  the  body  increases. 

This  theory  seems,  at  first,  little  more  than  an  extravagant 
guess.  But  if  it  shall  be  found  that  this  theory,  and  no  other 
theory  that  has  been  proposed,  will  enable  us  to  acconnt  for 
most  of  the  known  phenomena  of  matter,  then  we  shall  be  con- 
tent to  adopt  it  till  a  better  can  be  produced. 


10  MATTER   AND   ITS   PROPERTIES. 

§  6.  Porosity.  —  If  the  molecules  of  a  bod}-  are  nowhere  in 

absolute  contact,  it  follows  that  there  are  unoccupied  spaces 
among  them  which  may  be  occupied  by  molecules  of  other  sub- 
stances. These  spaces  are  called  pores.  Water  disappears  in 
cloth  and  beans.  It  is  said  to  penetrate  them  ;  but  it  realh' 
enters  the  vacant  spaces  or  pores  between  the  molecules  of  these 
substances.  All  matter  is  porous  ;  thus  water  may  be  forced 
through  solid  cast-iron,  and  dense  gold  will  absorb  the  liquid 
mercury  much  as  chalk  will  water.  The  term  i)ore,  in  phj'sics, 
is  restricted  to  the  invisible  spaces  that  separate  molecules.  The 
cavities  that  ma}'  be  seen  in  a  sponge  are  not  pores,  but  holes  ; 
the}'  are  no  more  entitled  to  be  called  pores,  than  the  cells  of  a 
honeycomb,  or  the  rooms  of  a  house,  are  entitled  to  be  called, 
respectivel}',  the  pores  of  the  honeycomb  or  of  the  house. 

Small  as  animalcules  are,  they  are  coarse  lumps  in  comparison  with 
the  size  of  the  molecule.  By  means  of  delicate  calculatious,  the  physi- 
cist has  succeeded  in  ascertainiug  approximately  the  probable  size  of 
the  molecule.  If  a  drop  of  water  could  be  magnified  to  the  size  of  the 
earth,  it  is  thought  that  its  molecules  would  appear  smaller  than  an 
apple.  In  other  words,  the  molecule,  in  size,  is  to  a  drop  of  water 
what  an  apple  is  to  the  earth.  If  we  should  attempt  to  count  the  num- 
ber of  molecules  in  a  pin's  head,  counting  at  the  rate  of  ten  million  in 
a  second,  we  should  require  250,000  years. 

§7.  Density.  —  Cut  several  blocks  of  wood,  apple,  putty, 
lead,  etc.,  of  just  the  same  size,  and  weigh  them.  Do  they  have 
the  same  weight?  Can  you  explain  the  difference  by  a  differ- 
ence of  porosity  ? 

Again,  if  you  can  tr}'  the  experiment  illustrated  in  Figs.  4  and 
5,  using  various  gases,  you  will  find  that  the  weights  of  the  same 
volumes  of  different  gases  are  different.  But  the  chemist  has 
reasons  for  believing  that  there  is  the  same  number  of  molecules 
in  the  globe  whatever  be  the  gas,  if  the  pressure  and  the  tem- 
.  perature  are  the  same.  We  see  then  that  some  bodies  have  more 
matter  in  a  given  volume  than  others,  either  because  the  molecules 
are  closer  together,  on  because  the  molecules  are  different ;  we  call 
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them  more  dense.  By  the  mass  of  a  body  we  understand  the 
quantity  of  matter  in  it;  and  by  its  density,  the  mass  in  the  unit 
volume  of  it.  For  example,  the  density  of  cast-iron  is  about 
450  pounds  per  cubic  foot. 

§  8.  Simple  and  compound  substances.  —  Place  a  small 
quantity  of  sugar  on  a  hot  stove.  In  a  few  minutes  it  changes 
to  a  black  mass.  This  black  substance  is  found  to  be  char- 
coal, or  carbon,  as  chemists  call  it.  Evidently  the  sugar  must 
have  contained  cai'bon,  for  the  carbon  came  from  the  sugar. 
Chemists  are  also  able  to  obtain  water  from  sugar.  The  heat, 
in  our  experiment,  expels  the  water  in  the  form  of  steam,  and 
leaves  the  carbon.  Carbon  can  be  extracted  from  sugar  in 
another  way.  Prepare  a  very  thick  syrup,  b}^  dissolving  sugar 
in  hot  water,  and  pour  upon  the  S3'rup  two  or  three  times  its 
bulk  of  sulphuric  acid.  You  will  quickly  obtain  a  bulky,  spongy 
mass  of  carbon. 

By  suitable  processes,  there  may  be  obtained  from  marble 
three  substances,  each  one  of  which  is  entirely  unlike  marble. 
One  of  the  substances  is  carbon  ;  another  is  a  metal  called  cal- 
cium, which  looks  ver}'  much  like  silver  ;  the  third  is  a  gas  called 
ox3'gen,  which,  when  set  frefe  from  its  prison-house  in  the  solid, 
expands  to  many  times  the  size  of  the  marble  from  which  it  was 
liberated. 

If  we  should  grind  a  small  piece  of  marble  for  many  hours  in 
a  mortar,  we  should  reduce  the  marble,  to  a  very  fine  powder, 
but  should  fall  very  far  short  of  reducing  it  to  its  molecules. 
Still,  each  little  particle  of  the  powder  is  as  truly  marble  as  the 
original  lump.  If  we  should  continue  the  division,  in  our  imagi- 
nations, till  the  marble  were  reduced  to  molecules,  we  should 
expect  to  find  all  the  molecules  just  alike.  Now,  since  our 
smallest  piece,  our  molecule,  our  unit  of  marble,  is  marble,  and 
since  marble  is  composed  of  the  three  substances,  carbon,  cal- 
cium, and  oxygen,  we  conclude  that  our  molecule  itself  must  be 
capable  of  division.     No  one  has  been  able  to  separate  any  one 
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of  these  substances  into  other  substances.  No  one  has  taken 
away  from  calcium  anything  but  calcium,  or  extracted  from 
carbon,  or  from  oxygen,  anything  but  carbon  and  oxygen. 

Those  substances  that  have  resisted  all  efforts  to  break  them 
up  into  other  substances  are  called  simple  substances  or  ele- 
ments. Those  substances  that  may  be  broken  up  into  other 
substances  are  called  compomid  substances.  Of  the  large  num- 
ber of  substances  known  to  man,  only  71  are  elements.  All 
other  substances  are  compounds  of  two  or  more  of  these  71 
elements. 

A  molecule  of  any  substnrice,  simple  or  compound,  is  that 
minute  mass  of  the  substance  which  cannot  be  divided  without 
destroying  its  properties. 

§  9.  Physical  and  chemical  changes.  —  When  sugar  is 
ground  to  a  powder,  the  particles  are  simply  torn  apart,  but  do 
not  lose  their  characteristics.  The  powder  is  just  as  sweet  as  the 
lump.  Such  a  division  is  called  a,  physical  division.  Generally, 
any  change  in  a  substance  that  does  not  cause  it  to  lose  its  identity, 
in  other  words,  to  cease  to  be  that  sxibstance,  is  called  a  physiccd 
change.  When  sufficient  heat  is  applied  to  sugar,  the  molecules 
themselves  are  divided  ;  and  when  a  molecule  of  sugar  is  divided, 
the  result  is  not  two  parts  of  a  molecule  of  sugar,  but  the  two 
substances,  carbon  and  water.  The  sweetness  is  destroyed  ; 
sugar  no  longer  exists ;  other  substances  have  taken  its  place. 
The  molecule  of  sugar  is  no  more  like  the  substances  into  which 
it  has  been  separated,  thian  a  word  is  like  the  letters  that  com- 
pose it.  Such  a  division  is  called  a  chemical  division.  Gener- 
ally, any  change  in  a  substance  that  causes  it  to  lose  its  identity, 
or  cease  to  be  that  substance,  is  called  a  chemical  change. 

Ice,  heated,  melts  to  water;  water,  heated,  becomes  steam;  steam, 
cooled,  condenses  to  water;  water,  cooled,  becomes  solid.  During 
these  chan<»es  the  substance,  the  molecule,  lias  not  changed.  There 
has  been  only  a  change  among  the  molecules,  in  distance  and  arrange- 
ment. What  kind  of  change  is  this?  But  if  the  steam  is  subjected  to 
a  veiy  intense  heat,  the  result  is  that  it  becomes  converted  into  a 
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mised  gas,  consisting  of  two  gases,  oxygen  and  hydrogen.  This  gas 
is  not  condensable  at  any  ordinary  temperature.  Unlike  steam,  it 
burns  and  even  explodes.  What  kind  of  separation  is  this  ?  What 
has  been  separated  ? 

Blackboard  crayons  are  prepared  by  subjecting  the  dust  of  plaster 
of  Paris  to  great  pressure,  which  causes  the  particles  to  unite  aud  form 
the  crayon.  What  kind  of  change  is  this?  What  kind  of  union?  In  the 
experiment  (page  5)  with  the  ammonia  and  hydrochloric-acid  gases, 
the  two  gases  disappear,  and  a  solid  is  left  in  their  place.  What  kind 
of  change  is  this  :  chemical  or  physical?     Is  it  union  or  separation? 

§  10.  Annihilation  and  creation  of  matter  impossible. 
—  Experiment  1.  Prepare  a  saturated  solution  of  calcium  chloride. 
Mix  with  au  equal  bulk  of  water  aud  weigh  the  solution.  Prepare  a 
dilute  solution  of  sulphuric  acid  (1  to  4),  aud  pour  an  equal  weight  of 
the  last  solution  on  the  first,  all  at  once,  aud  shake  gently.  Instantly 
the  mixed  liquid  becomes  a  solid.  The  solid  formed  is  commonly 
called  plaster  of  Paris.  It  is  an  entirely  different  substance  from 
either  of  the  two  liquids  used.  What  kind  of  change  is  this  ?  A  new 
substance  has  been  formed.  Has  matter  been  created  ?  Weigh  the 
resulting  solid;  compare  its  weight  with  the  sum  of  the  weights  of  the 
two  liquids.     What  do  you  find?     What  conclusion  do  you  draw? 

Solids  ma}'  be  converted  into  liquids  or  gases  ;  gases  may  be 
converted  into  liquids  or  solids  ;  substances  may  completely  lose 
their  characteristics  :  but  man  has  not  discovered  the  means  by 
which  a  single  molecule  of  matter  can  he  created  out  of  nothing^ 
or  by  which  a  single  molecule  of  matter  can  be  reduced  to 
nothing.  Matter  cannot  be  created,  cannot  be  annihilated  ;  it 
is  a  constant  quantity.  The  discovery  of  this  fact  laid  the 
foundation  of  the  science  of  Chemistry. 

This  statement  may  not  seem  to  accord  with  many  occurrences  of 
every-day  experience.  Wood,  coal,  and  other  substances  burn ;  matter 
disappears,  aud  very  little  is  left  that  can  be  seen.  But  does  matter 
pass  out  of  existence  when  it  disappears  in  burning,  or  does  it  assume 
the  invisible  state  known  by  the  name  of  gas  ? 

Experiment  2.  Hold  a  cold,  dry  tumbler  over  a  candle-flame.  The 
bright  glass  instantly  becomes  dimmed  ;  aud,  on  close  examination,  you 
find  the  glass  bedewed  with  flue  drops  of  a  liquid.    This  liquid  is  water, 
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You  may  think  it  strange  that  water  is  formed  in  the  hot  flame; 
yet  this  simple  experiment  shows  that  this  is  really  the  case.  If  water 
is  formed  during  the  burning,  what  is  the  reason  we  do  not  see  it? 
Simply  because  it  rises  in  the  form  of  steam,  which  is  an  invisible  gas 
The  visible  cloud,  often  called  steam,  which  is  formed  in  front  of  the 
nozzle  of  a  tea-kettle,  is  not  steam,  but  fine  drops  of  water  floating  in 
the  air,  —  a  sort  of  water-dust.  All  clouds  are  of  the  same  nature.  A 
cloud  always  stands  over  Niagara  Falls,  even  on  the  clearest  days. 
The  water  of  the  river  foils  a  distance  of  150  feet,  and,  striking  a  bed 
of  rocks  below,  some  of  it  is  dashed  into  fragments,  or  dust,  which 
rises  in  a  cloud. 

Experiment  3.  Introduce  a  candle-flame  into  a  clean  glass  bottle ; 
after  it  has  burned  a  few  minutes  the  flame  goes  out.  Why  does  it 
go  out  ?  See  whether  the  air  in  the  bottle  is  the  same  as  it  was  be- 
fore. Pour  a  Aviueglass  full  of  lime-water  into  the  bottle,  cover  tight- 
ly, and  shake.  Also  pour  lime-water  into  a  bottle  filled  with  air.  What 
difierence  do  you  observe  in  the  results?  Does  the  experiment  show 
that  any  new  substance  has  been  formed  during  the  burning?  If  so, 
is  it  a  visible  substance?  Can  you  depend  upon  the  sense  of  sight 
alone  to  discover  the  presence  of  matter? 

Before  we  can  decide  whether  or  not  matter  is  annihilated  while 
burning,  it  is  necessary  to  collect  carefully,  not  only  the  ashes, 
but  all  the  invisible  gases  that  are  formed.  This  is  a  somewhat 
troublesome  experiment ;  but  it  has  been  frequently  performed,  and  it 
is  found  that  their  collective  weight  is  quite  equal  to  the  weight  which 
the  candle  loses. 

Water  does  not  pass  out  of  existence  when  it  "  dries  up  " ;  nor  arc 
raindrops  and  dewdrops  created  out  of  nothing.  Matter  is  everywhere 
undergoing  great  and  various  changes,  both  chemical  and  physical. 
Nature  is  ever  arraying  herself  in  new  forms.  The  sun  warms  the 
tropical  ocean,  converting  the  liquid  into  vapor;  the  vapor  rises  in 
tlie  air,  is  recondensed  on  mountain  hights,  and  returns  in  rivers  to 
the  ocean  whence  it  came.  Geology  teaches  us  tluit  continents  and 
oceans,  and  even  the  "  everlasting  hills,"  have  a  birth  and  decay,  as 
well  as  whole  tribes  of  animals  and  vegetables.  Although  we  may 
be  counted  among  the  living  ten  years  hence,  our  bodies  will,  ei'e 
that,  have  crumbled  into  dust;  and  tlie  matter  that  will  then  compose 
our  bodies  is  to-day  to  be  found  mainly  in  tlie  earth  upon  which  we 
tread.  Change  is  stamped  npou  all  matter;  nothing  is  exempt.  Only 
the  quantity  of  matter  remains  unchanged. 
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§  11.  Force.  —  Experiment  1.  From  a  piece  of  cardboard  sus- 
pend, by  means  of  silk  threads,  six  pitli-balls,  so  tliat  they  may  l)e 

^.     „  about  2<^™'   apart.     Procure  a 

Fig.  9.  ,  ^ 

clean,  dry  glass  tube,   about 

40'='"  long  and  3«"'  in  diam- 
eter. Rub  a  portion  of  this 
tube  briskly  with  a  silk  hand- 
kerchief, and  hold  it  about 
2cn>  below  tlie  balls.  The  balls 
seem  to  become  suddenly  pos- 
sessed of  life.  Tliey  gather 
about  the  rod,  and  strive  to 
reacli  it.  If  we  cut  one  of 
the  threads,  the  ball  will  fly 
straight  to  the  rod,  and  cling  to  it  for  a  time.  Tlie  means  by  which 
the  rod  pulls  the  balls  is  invisible.  Yet  evidence  is  positive  that  the 
rod  has  an  influence  on  the  balls,  —  that  it  jmlls  them.  Slip  a  piece  of 
glass  between  the  rod  and  the  balls ;  still  the  influence  is  felt  by  the 
balls.  The  glass  does  not  sever  the  invisible  bonds  that  connect  the 
balls  with  the  rod. 

Now  slowly  bring  the  rod  near  the  balls,  till  they  touch.  They  at 
first  cling  to  the  rod;  but  soon  the  rod,  as  if  displeased  with  their 
company,  begins  to  push  them  away.  Withdraw  the  rod;  the  balls 
do  not  hang  by  parallel  thi'eads  as  before,  but  appear  to  be  pushing 
one  another  apart.  Gradually  bring  the  palm  of  the  hand  up  beneath 
the  balls,  but  without  touching  them.  The  balls  gi'adually  yield  to 
the  pull  of  the  hand,  and  come  together.  Remove  the  hand,  and 
they  again  fly  apart.  Matter  does  not  seem  to  be  the  dead,  inert 
thing  which  it  is  often  called ;  it  cau  2nish  and  pull. 

Experiment  2.  Raise  one  of  these  balls  with  the  fingers,  and  then 
withdraw  the  fingers.  Something  from  below  seems  to  reach  up,  and 
l)ull  the  ball  down  again.  The  same  happens  with  each  one  of  the 
balls ;  every  ball  is  pulled  by  something  below.  What  is  it  that  pulls 
the  balls?  Carry  the  balls  into  another  I'oom,  the  same  thing  occurs. 
Carry  them  to  any  part  of  the  earth,  the  same  thing  occui's.  It  must 
be  that  it  is  the  earth  itself  that  pulls  the  balls.  The  earth  pulls  the 
fruit  and  the  leaf  from  the  tree  to  itself ;  it  pulls  all  objects  to  itself ; 
and  more,  —  it  holds  them  there.  Attempt  to  raise  anything  from  the 
ground,  and  you  feel  the  earth's  pull  i*esisting  you. 

Attempt  to  break  a  string,  or  crush  a  piece  of  chalk,  and  you  find 

1  Tablos  of  the  Metric  Measures  may  be  found  in  the  Appendix,  Section  A. 
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that,  notwithstanding  the  molecules  of  these  bodies  do  not  touch  one 
another,  they  possess  a  force  whicli  tends  to  keep  them  together,  and 
to  resist  your  attempt  to  separate  them. 

§  12.  Force  defined.  —  This  tendency  to  push  and  to 
pull,  which  matter  possesses,  is  called  force.  We  do  not 
know  why  separate  portions  of  matter  tend  to  approach  one 
another,  or  to  separate  from  one  another.  We  do  not  know  the 
nature  of  force ;  we  cannot  see  it  or  grasp  it ;  we  simply 
know  that  there  must  be  a  cause  for  certain  effects  produced. 
The  familiar  effects  produced  are  motion  and  rest.  For  exam- 
ple, we  see  a  body  move  ;  we  know  that  there  is  a  cause :  that 
cause  we  attribute  to  force.  When  a  body  in  motion  comes  to 
rest,  we  look  for  a  cause,  and  that  cause  we  attribute  to  force. 
It  is  difficult  to  define  force  ;  probabh^  the  most  comprehensive 
definition  that  has  been  given  is  the  following :  Force  is  that 
which  can  j^rodiice,  change^  or  destroy  motion. 

All  force  exhibits  itself  in  pushes  or  pulls.  All  motion  is 
produced  by  pushes  or  pulls,  or  by  a  combination  of  both.  A 
pulling  force  is  called  an  attractive  force,  or  simpl}'  attraction. 
A  pushing  force  is  called  a  repellent  force,  or  repulsion. 

§  13.   Attraction  and  repulsion  mutual.  —  Experiment. 

Suspend  a  wooden  lath  in  a  sling.  Rub  one  end  of  a  glass  rod  with 
silk,  and  bring  that  end  of  the  rod  near  to  one  end  of  the  lath.  Now 
place  the  rod  in  a  sling,  and  bring  the  lath  near  to  its  excited  end. 
Does  the  experiment  prove  that  the  pulling  force  belongs  to  only  one 
or  to  both  of  the  bodies?  In  the  experiment  with  the  pith-balls  (§  11, 
Exp.),  they  seem  to  be  mutually  pushing  each  other. 

All  attraction  and  repulsion   between  different  portions  of  matter  are 
muival. 

§  14.  Molar  and  molecular  forces.  —  The  glass  rod  does 
not  seem  to  possess  an}-  attractive  force,  until  it  is  rubbed  with 
the  handkerchief.  The  pith-balls  do  not  repel  one  another  until 
they  have  first  touched  the  glass  rod.  After  a  time,  the  rod 
and  the  balls  lose  both  their  attractive  and  repellent  forces. 
Or,  if  we  pass  the  hand  several  times  over  the  part  of  the  rod 
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that  has  been  rubbed,  and  over  the  balls,  they  quicklj-  surrender 
their  forces.  These  forces  are  temporary.  They  are  called 
electric  forces^  and  their  cause  electricity.  The  attractive  force 
that  draws  the  balls  to  the  earth  existed  before  the  experiment. 
No  manipulation  can  destro}^  it  or  increase  it ;  it  is  eternal  and 
unchangeable,  and  exists  between  all  portions  of  matter.  This 
force  is  called  the  force  of  gravity,  and  the  phenomenon  is  called 
gravitation. 

"We  have  seen  the  effects  of  attractive  and  repellent  forces, 
reaching  across  sensible  distances.  Have  we  any  evidence 
that  these  forces  exist  among  portions  of  matter,  at  insensible 
distances,  i.e.,  at  distances  too  short  to  be  perceived  by  our 
senses?  Stretch  a  piece  of  rubber;  you  realize  that  there  is  a 
force  resisting  you.  You  reason  that  if  the  supposition  be  true, 
that  the  grains  or  molecules  that  compose  the  piece  of  rubber  do 
not  touch  each  other,  then  there  must  be  a  powerful  attractive 
force  reaching  across  the  spaces  between  the  molecules,  to 
prevent  their  separation.  After  stretching  the  rubber,  let  go 
one  end.  It  springs  back  to  its  original  form.  What  is  the 
cause  ?  Compress  the  rubber  ;  its  volume  is  diminished.  (Does 
this  confirm  our  supposition  respecting  the  granular  structure 
of  matter?)  Remove  the  pressure;  the  rubber  springs  back  to 
its  original  form.     What  is  the  cause? 

Ever}'  body  of  matter,  with  tlie  possible  exception  of  the 
molecule,  whether  solid,  liquid,  or  gaseous,  may  be  forced  into 
a  smaller  volume  b}'  pressure,  —  in  other  words,  matter  is  com- 
pressihle.  When  pressure  is  removed,  the  bodv  expands  into 
nearly  or  quite  its  original  volume.  This  shows  two  things : 
first,  that  the  matter  of  which  a  body  is  formed  does  not  really 
Jill  all  the  space  which  the  body  appears  to  occupy  ;  and,  second, 
that  in  the  body  is  a  force,  which,  acting  from  ivithin  outward, 
resists  outward  pressure  tending  to  compress  it,  and  expands  the 
body  to  its  original  volume  when  pressm-e  is  removed.  This  is, 
of  course,  a  repellent  force,  and  is  exerted  among  molecules, 
tending  to  push  them  farther  apart. 
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But  it  has  previously  been  shown  that  there  is  also  an  attract- 
ive force  existing  between  the  molecules.  Now  what  is  the 
effect,  when  two  forces  act  on  a  boch'  in  opposite  directions? 
Let  two  boys,  at  opposite  ends  of  a  table,  push  the  table.  If 
both  push  with  equal  force,  the  table  does  not  move  ;  it  is  as  if 
no  one  pushed  it.  But  if  one  boy  pushes  a  little  harder  than 
the  other,  then  the  table  moves  in  the  direction  in  which  the 
greater  force  is  applied.  Now  we  have  the  key  to  the  solution 
of  a  difficulty,  which  always  arises  in  the  mind  of  a  beginner  in 
science,  when  he  first  hears  the  startling  statement  that  the 
molecules  of  bodies,  of  his  own  body  even,  do  not  touch  one 
another.  If  faith  were  of  quick  growth,  he  would  shudder  at 
the  thought  of  falling  to  pieces,  or  of  being  wafted  away  by 
the  winds  as  so  much  dust. 

The  ancients,  perceiving  that  matter  must  be  built  up  of 
small  parts,  overcame  this  difficulty  bj'  supposing  that  the 
minute  particles  have  hooks  or  claws  by  which  the}-  grasp  one 
another.  Our  knowledge  of  the  operation  of  forces  enables  us  to 
dispense  with  hooks  and  claws,  much  to  the  advantage  of  science. 
We  see  that  the  molecules  of  a  bod}'  are  kept  from  falling 
apart,  or  from  separation,  b}'  a  universal  attractive  force  ;  the^'^ 
are  also  kept  from  falling  together,  or  from  permanent  contact, 
b}'  an  ever-existing  repellent  force.  These  forces  act  at  insen- 
sible distances  between  molecules,  and  hence  are  called  molecular 
forces.  When  forces  act  between  bodies  at  sensible  distances 
they  are  called  molar  forces.  Give  illustrations  (1)  of  molar 
forces  ;   (2)  of  molecular  forces. 

II.     THREE    STATES    OF   MATTER. 

§  15.  Matter  presents  itself  in  three  different  states :  solid, 
liquid,  and  gaseous,  —  fairly  represented  by  earth,  water,  and 
air.  Because  these  forms  are  so  common  and  abundant,  some 
ancient  philosophers  held  that  all  solid  matter  is  formed  of 
earth,  all  liquids  of  water,  and  all  gases  of  air.     On  this  account 
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they  called  them,  together  with  fire,  elements  or  primary  matter. 
They  eauuot  now  be  so  regarded  from  a  chemical  point  of  view, 
because  each  of  them  has  been  separated  into  still  more  simple 
substances ;  nor  from  a  physical  standpoint,  because,  as  will 
soon  be  shown,  most  substances  may  exist  in  any  one  of  these 
states. 

§  16.  Characteristics  of  each  of  these  states. 

Experiment  1.  Provide  two  vessels,  a  cubical  dish  and  a  goblet, 
each  having  a  capacity  of  about  200'^'='".  Also  provide  200<='='"  of  sand, 
2oo<:"n  of  water,  and  a  cubical  block  of  wood  containing  200'='^'". 
Grasp  the  block,  and  place  it  in  the  cubical  vessel.  Attempt  to  do  the 
same  thing  with  the  water.  Why  can  you  not  grasp  the  water  ?  Pour 
a  portion  of  the  water  into  the  cubical  vessel.  When  you  move  a  por- 
tion of  the  block,  the  whole  block  moves.  When  you  pour  a  portion 
of  the  water  into  the  cubical  vessel,  the  whole  does  not  necessarily  go. 
Why  Is  this  ?  Why  is  it  that  we  can  dip  a  cupful  of  water  out  of  a 
pailful,  without  raising  the  whole?  Pour  all  the  water  into  the  goblet. 
Tlie  water  adapts  itself  to  the  shape  of  the  goblet,  and  the  vessel  is 
filled.  Attempt  to  place  the  block  of  wood  in  the  goblet.  What  dif- 
ference in  phenomena  do  you  observe  ?  Why  this  difference  ?  Pour 
the  sand  fi'om  vessel  to  vessel.  It  adapts  itself  to  the  shape  of  each 
vessel.  Wliy  ?  Drop  the  block  of  wood  on  a  table.  Pour  water  on  the 
table.    How  does  a  liquid  behave  when  there  is  no  vessel  to  confine  it  ? 

Experiment  2.  Throw  small  particles  of  sawdust  into  the  goblet  of 
water ;  you  can  thus  render  perceptible  any  motion  of  the  water  in  the 
goblet,  just  as,  by  throwing  blocks  of  wood  on  the  smooth  surface  of 
a  river,  you  can  discover  the  motion  of  the  river.  Notice  the  ease 
with  wliich  the  particles  move  about,  rise,  and  sink.  As  they  become 
quiet,  slightly  jar  the  vessel,  or  tap  it  with  the  end  of  a  pencil,  and 
notice  the  ease  with  which  disturbance  is  produced  throughout  the 
liquid.  Now  rap  the  side  of  the  block  witli  a  hammer,  and  observe 
liow  immovable  are  the  particles  of  wood. 

Our  experiments  teach  us  that  the  molecules  of  solids  are  not 
easily  ynoved  out  of  their  places;  consequently,  solid  masses 
form  such  a  firmly  connected  whole  that  their  shape  is  not  easily 
changed,  and  a  movement  of  one  part  causes  a  movement  of  the 
whole.  On  the  other  hand,  the  molecules  of  liquids  have  scarcely 
any  fixedness  of  position,  hut  easily  slip  between  and  around  one 
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another;  consequent!}-,  liquid  bodies  easily  mold  themselves  to 
the  shape  of  the  vessel  that  contains  them,  are  poured  from  ves- 
sel to  vessel,  and  are  easily  separated  into  parts. 

But  what  shall  we  say  of  the  sand,  which,  like  water,  adapts 
itself  to  the  shape  of  the  containing  vessel,  and  can  be  poured? 
Is  sand  a  liquid?  and  are  powders  liquids?  No,  powders  are  a 
collection  of  small  lumps  of  solid  matter.  When  powders  are 
poured,  lumps  of  matter  roll  around  one  another,  as  when 
potatoes  are  poured  from  basket  to  basket.  When  liquids  are 
poured,  molecules  glide  past  one  another. 

It  is  not  so  easy  to  study  the  characteristics  of  gases,  because 
we  cannot  usually  see  them.  But  we  may  be  aided  by  a  device 
similar  to  that  emplo3ed  to  make  the  movement  of  water  visible. 

Experiment  3.  Darken  a  room,  and  admit,  through  a  small  crack 
or  hole,  a  beam  of  direct  sunlight.  You  see  particles  of  dust  dancing 
in  the  path  of  the  light ;  the  motion  never  ceases.  See  how  easily  the 
motion  is  quickened  by  gently  waving  the  hand  at  some  distance  from 
the  beam  of  light. 

Experiment  4.  Place  under  the  receiver  of  an  air-pump  a  partially 
inflated  balloon.  Fig.  32  (or  a  Seven-in-one  apparatus,  with  the  piston 
near  the  closed  end  of  the  cylinder,  and  stop-cock  closed),  and  exhaust 
the  air.     The  tendency  of  gases  to  expand  becomes  evident. 

In  gases ^  fixedness  of  position  of  the  molecules  is  entirely  want- 
ing, and  freedom  of  motion  among  themselves  is  almost  perfect. 
They  appear  to  he  in  a  continual  state  of  repulsion,  and  conse- 
quently have  a  teyidency  to  expand  to  greater  and  greater  volumes. 
They  expand  indefinitely,  unless  confined  b}'  pressure,  while 
liquids  and  solids  tend  to  preserve  a  uniformity  of  volume. 

Liquids  do  not  rise  above  what  is  called  their  surface,  and  we 
may  have  a  vessel  half  full  of  a  liquid ;  but  gases  have  no  defi- 
nite surface,  and  there  is  no  such  thing  as  a  vessel  half  full  of 
gas.  On  the  other  hand,  if  gases  are  subjected  to  pressure,  their 
volume  may  he  indefinitely  diminished  ;  for  instance,  the  air  that 
now  fills  a  quart  vessel  may  be  compressed  into  a  pint  vessel, 
or  even  into  less  space,  if  sulficieut  force  is  used.     The  com- 
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pressi07i  of  liquids  is  barely  perceptible,  even  when  the  pressure 
is  very  great. 

§  17.  Philosophy  of  the  three  states  of  matter.  —  We 
conclude  from  the  difficulty  which  we  experience  iu  separating 
the  parts  of  a  solid  bod}^  that  the  molecular  attractive  force  in 
solids  is  very  great.  From  the  ease  with  which  we  usually 
separate  the  parts  of  a  body  of  liquid,  we  might  conclude  that 
this  force  in  liquids  is  very  weak.  But  before  arriving  at  any 
conclusion,  it  is  necessary  to  consider  how  the  difficulty  of  sepa- 
ration of  the  parts  of  a  liquid  is  to  be  measured.  It  is  very 
eas}^  to  tear  off  a  portion  of  a  sheet  of  tinfoil,  but  we  should  not 
surely  regard  this  as  an  evidence  that  the  molecules  of  tin  have 
but  little  attraction  for  each  other,  for  in  tearing  such  a  body  we 
only  apply  the  force  to  a  comparatively  few  molecules  at  a  time. 
We  can  form  a  just  estimate  of  the  strength  of  molecular  attrac- 
tion only  by  attempting  to  separate  the  foil  into  two  portions  by 
such  means  as  that  the  separation  ma}'  take  place  no  sooner  at 
one  point  tlian  at  another.  So,  too,  it  is  very  easy  to  separate 
a  drop  of  water  into  two  portions,  but  this  is  no  measure  of  the 
attractive  forces  unless  we  take  precautions  that  we  do  not  apply 
the  separating  force  successively  to  different  molecules.  If  we 
succeed  in  preventing  such  a  successive  action,  and  there  are 
certain  methods  of  doing  this  more  or  less  perfectly,  we  should 
find  the  process  much  more  difficult,  —  more  so,  indeed,  than  to 
produce  a  similar  change  in  many  solids.  ^ 

There  is,  however,  a  difference  in  the  molecular  action  in 
solids  and  liquids  ;  such  that,  in  the  latter  state,  the  molecular 
forces  offer  no  resistance  to  a  shaping  force,  while  in  the  formei 
state,  change  of  shape  can  only  be  brought  about  by  the  appli- 
cation of  considerable  force. 

In  a  gas,  on  the  contrary,  there  is  little  atti'action  between  the 
molecules ;  but  as  they  are  constantly  hitting  one  another,  and 
thereby  tending  to  drive  one  another  apart,  it  requires  an  external 
force  to  keep  them  together. 

*  The  cplje^jve  fprc?  of  water  J»  H  }ea?t  132  lbs.  per  square  inch,  —  Maxwe;.l. 
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Note.  Iu  jiases,  the  molecules  are  tlioui^ht  to  be  iu  motion  like  guats 
in  the  air;  iu  li(iiiids,  like  meu  moving  through  a  crowd;  iu  solidis,  the 
motiou  of  each  molecule  is  like  that  of  a  mau  iu  a  dense  crowd  where 
it  is  almost  or  quite  impossible  to  leave  his  neighbors,  yet  he  may  turn 
around,  aud  have  some  motion  from  side  to  side. 

Practicall}',  the  condition  of  any  portion  of  matter  depends 
upon  its  tempearture  and  pressure.  (See  §  128.)  Just  as  at 
ordinar}'  pressures  water  is  a  solid,  a  liquid,  or  a  gas,  according 
to  its  temperature,  so  any  substance  may  be  made  to  assume 
au}'^  one  of  these  forms  unless  a  change  of  temperature  occasions 
a  chemical  change. 

There  are  certain  apparent  exceptions  to  the  last  statement ; 
for  example,  charcoal,  though  it  has  been  vaporized,  has  never 
been  obtained  in  a  liquid  state,  simpl}'  because  su|ticient  press- 
ure has  never  been  used.  Ice  will  change  to  a  vapor,  but  can- 
not be  melted  unless  the  pressure  exceeds  six  grams  per  square 
centimeter.  For  a  similar  reason,  iodine  and  cami)lior  vaporize, 
but  do  not  melt.  Only  witliin  the  last  few  years  have  physicists 
been  able  to  produce  a  temperature  low  enough  to  solidify 
alcohol,  and  a  temperature  low  enough,  combined  with  a  press- 
ure great  enougli,  to  liquefy  such  gases  as  oxygen,  nitrogen, 
aud  hydrogen. 

As  regards  the  temperature  at  which  ditfcrent  substances 
assume  the  diHerent  states,  tlicre  is  great  diversity.  Oxygen 
and  nitrogen  gases,  or  air,  —  which  is  a  mixture  of  the  two, — 
liquefy  and  solidify  only  at  extremely  low  temperatures ;  and 
then,  onl}'  when  the  attractive  force  is  aided  by  tremendotis 
pressure.  On  the  other  hand,  certain  snbstances,  as  quartz  and 
lime,  are  liquefied  only  by  the  most  intense  heat  generated  b}'  an 
electric  current.  The  facts,  summed  up,  are  as  follows :  no  one 
of  the  three  states  of  matter,  solidf  liquid,  or  gaseous,  is  2'>eculiar 
to  any  substance;  the  state  that  a  substance  assumes  depends 
solely  on  its  temperature  and  pressu7-e;  so  that  every  solid  may  bo 
regarded  us  simi)ly  matter  in  a  frozen  state,  every  liquid  as  mat- 
ter in  a  nielted  state,  and  everv  gas  fis  ipatter  in  a  state  of  vajior. 
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Every  liquid  has  been  solidified  and  volatilized,  nnd  every  gas 
has  been  lirjuefied  and  solidified.  Air  was  one  of  the  last  of  the 
gases  to  surrender  its  reputation  of  being  a  ''  [)ernianent  gas." 
Not  till  the  3'ear  1878  was  it  reduced  to  hnnps.  We  may  predict 
the  future  of  our  globe.  If  its  heat  increases  sufficiently,  the 
whole  world  will  become  a  thin  gas.  If  its  heat  diminishes  indefi- 
nitely, all  earth  and  air  will  become  a  solid  mass. 

III.  PIIENO.MENA  OF  ATTRACTION. 
According  to  the  circumstances  under  wliich  atti-action  acts, 
we  have  the  various  phenomena  called  gravitation^  cohesion^  ad- 
hesion, capillarity,  citemism,  and  magnetism.  Sometimes  these 
terms  are  used  as  names  of  the  unknown  forces  that  cause  the 
phenomena. 

§  18.  Gravitation.  —  That  attraction  which  is  exerted  on  all 
matter,  at  all  distances,  is  called  gravitation.  Gravitation  is 
universal,  that  is,  every  molecule  of  matter  attracts  every  other 
molecule  of  matter  in  the  universe.  The  whole  force  with 
which  two  bodies  attract  one  another  is  the  sum  of  the  attrac- 
tions of  their  molecules,  and  depends  upon  the  number  of  mole- 
cules the  two  bodies  collectively  contain,  and  the  mass  of  each 
molecule.  The  whole  attraction  between  an  apple  and  the  eartli 
is  equal  to  the  sum  of  the  attractions  between  ever}-  molecule 
in  the  apple  and  every  molecule  in  the  earth. 

§19.  "Weight.  —  It  is  scarcely  necessary  to  state,  that  what 
is  understood  b}  the  loeight  of  a  body  is  the  mutual  attraction 
between  it  and  the  earth.  The  term  mass  is  equivalent  to  the 
expression  quantity  of  matter.  It  follows,  then,  that  weight  is 
proportional  to  mass.  Why  do  we  weigh  articles  of  trade,  such 
as  suirar  and  tea? 


•s' 


§  20.  Does  the  apple  attract  the  earth  with  as  much 
force  as  the  earth  attracts  the  apple?  —  Let  us  exaraiue  this 
question.  First  assume  that  the  molecules  of  the  apple  and  the  earth 
have  equal  masses,  i.e.,  are  homogeneous;  then  the  attraction  of  any 
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molecule  in  the  apple  for  any  molecule  in  the  earth  is  equal  to  the 
attraction  of  an)'  molecule  in  the  earth  for  any  molecule  in  the  apple. 
That  is,  if  the  earth  and  the  apple  consisted  each  of  a  single  like  mole- 
cule, their  attraction  fen*  each  other  would  be  equal.  Now,  suppose  that 
the  apple  contains  two  and  the  earth  five  such  molecules.  Let  the  force 
with  which  one  molecule  attracts  another  be  represented  by  n.  Now 
each  molecule  of  the  apple  attracts  the  five  molecules  in  the  earth 
with  a  force  of  Z  n;  the  two  molecules  in  the  apple  would  attract 
the  earth  with  a  force  of  10  n.  On  the  other  hand,  each  molecule 
of  the  earth  attracts  the  molecules  of  the  apple  with  a  force  of 
2  n,  and  the  five  molecules  in  the  earth  would  attract  the  apple 
with  a  force  of  10  n.  It  is  obvious  that  the  same  course  of  rea- 
soning will  apply  in  case  the  attraction  is  between  two  molecules 
whose  masses  differ,  and  consequently  between  all  bodies  of  what- 
ever mass  or  substance.  Hence  does  it  appear  that  a  body  of  small 
mass  attracts  a  body  of  large  mass  as  stronglj^  as  the  latter  attracts 
the  former? 

If  the  apple  attracts  the  earth  as  strongly  as  the  earth  attracts  the 
apple,  why  docs  not  the  earth  rise  to  meet  the  apple?  Let  us  examine 
a  similar  case.  Suppose  that  a  man  in  a  boat  pulls  on  a  rope  attached 
to  a  ship.  His  pulling  draws  the  boat  to  the  ship ;  but  the  ship  docs 
not  appear  to  move.  But  if  five  hundred  men,  in  as  many  boats,  pulled 
together,  the  ship  would  be  seen  to  move.  Did  one  man  produce  no 
motion?  If  so,  then  would  the  five  hundred  men  produce  no  motion, 
since  five  hundred  times  nothing  is  nothing? 

You  will  learn,  in  the  next  chapter,  that  the  space  through  which 
a  given  force  moves  a  body  in  a  given  time  varies  inversely  as 
the  mass  of  the  body.  Does  tliis  fact  explain  tlie  foregoing  phe- 
nomena? 

§  21.  The  force  of  gravity  varies  with  the  distance 
from  the  center.  —  Observations  made  in  various  ways  show 
that  the  force  of  gravity  varies  over  the  surface  of  the  earth.  It 
can  be  proved  by  geoineti'ical  methods  that  a  sphere  or  a  spheroid 
acts  upon  a  molecule  without  it  as  though  all  its  attractive  force 
were  concentrated  at  its  center.  Now  it  is  found  that  the  nearer 
an  object  witJunU  the  earth's  surface  is  to  the  center  of  the  earth 
the  greater  is  the  force  of  gravity.  Tlie  polar  diameter  of  the 
earth  is  about  2(;  miles  less  than  its  equatorial  diameter,  and, 
consecpiently,  the  distance  from  the  center  to  the  surface  at  the 
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poles  is  13  miles  less  than  to  the  surface  at  the  equator.  This 
considerable  ditFerence  in  distance  from  the  center  occasions  an 
appreciable  difference  between  the  weight  of  a  body  (having  any 
considerable  mass)  at  the  equator  and  at  the  poles ;  and,  since 
the  distance  of  the  surface  from  the  center  constantly  increases 
as  we  go  from  the  poles  toward  the  equator,  the  weight  of  all 
objects  transported  from  the  poles  toward  the  equator  constantly 
diminishes. 

It  is  obvious  tliat  any  object  raised  above  the  eartli's  surface, 
as  in  a  balloon,  must  weigh  less  than  at  the  surface  of  the  earth. 
But  the  bights  with  which  we  commonly  have  to  deal  in  our  ex- 
periments are  so  small  in  comparison  with  the  earth's  radius,  that 
the  differences  in  weight  due  to  differences  in  hight  at  a  given 
place  can  scarcely  be  detected  by  most  delicate  tests. 

The  statement  that  "weight  is  proportional  to  mass"  (§19) 
must,  therefore,  be  restricted  to  a  comparison  of  masses  at  the 
same  place  and  at  the  same  altitude  onl}'.  The  propriety  of 
making  a  distinction  between  the  terms  7nass  and  weight  is 
now  apparent,  as  the  former  implies  that  which  does  not  change 
when  a  body  is  transferred  from  place  to  place,  while  the 
latter  ma}'  change. 

If  the  earth  were  of  uniform  density,  bodies  carried  below  its 
surface  would  lose  in  weight  as  the  distance  below  the  surface 
increases.  At  one-fourth  the  distance  to  the  center  there  would 
be  a  loss  of  one-fourth  the  weight.  At  one-half  the  distance 
the  weight  would  be  one-half;  and  at  the  center  nothing.  Is 
weight  an  essential  property  of  matter  ?  State  certain  condi- 
tions on  which  a  body  would  have  no  weight. 

The  terms  ?(/>  and  doivn  are  derived  from  the  attraction  be- 
tween the  earth  and  terrestrial  objects.  Down  is  toward  the 
center  of  the  earth,  or  it  is  the  direction  in  which  a  body  falls  or 
tends  to  move  in  consequence  of  gi*avitation.  Up  is  the  o^Dpo- 
site  direction.  It  is  apparent  that  the  up  and  down  of  one 
place  cannot  correspond  with  the  up  and  down  of  any  other 
place. 
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QUESTIONS. 

1.  If  an  iron  pound-weight  and  a  pound  of  sugar  were  balanced  witli 
ordinary  scales  at  the  equator,  and  transported  to  one  of  the  polos  of 
the  earth,  would  they  cease  to  balance  each  otlier  ? 

2.  If  the  same  quantity  of  sugar  be  suspended  from  a  spring-balance 
at  the  pole,  will  this  instrument  indicate  just  a  pound,  more  or  less  ? 

3.  Imagine  yourself  at  the  center  of  the  earth.  lu  what  direction 
must  you  turn  your  face  in  order  to  look  up  ? 

4.  Imagine  a  person  at  one  of  the  poles,  and  another  at  the  equa- 
tor, to  be  looking  down  upon  you  at  the  center  of  tlie  earth.  Would 
they  both  look  in  the  same  direction  ? 

5.  Draw  a  circle  to  represent  the  earth,  and  two  lines  to  represent 
the  direction  in  which  the  two  persons  would  look. 

6.  What  is  the  origin  of  "  water-power  "  ? 

7.  Wliat  is  the  cause  of  tides  ? 

8.  Which  is  more  difficult,  to  ascend  or  descend  a  hill,  and  why  ? 

9.  The  earth  has  aljout  81  times  as  much  matter  in  it  as  the  moon. 
At  which  boc'y  would  you  weigh  more  ? 

10.  Is  there  a  place  between  the  two  bodies  at  which  you  would 
weigh  nothing  ?    If  so,  why  ? 

11.  How  far  does  the  cartii's  attraction  i  xtond  ? 

12.  Which  would  you  prefer,  a  pound  of  gold  weighed  with  a  spring- 
balance  at  the  surface  of  the  earth,  or  a  pound  weighed  3,000,000'" 
below  the  surface  ? 


§  22.  Cohesion. — That  attraction  which  holds  the  molecules 
of  the  same  substance  togcthei-,  so  as  to  form  larger  bodies,  is 
called  cohesion.  Tt  is  the  force  that  prevents  our  bodies,  and 
all  Imdies,  from  falling  down  into  a  mass  of  dust.  It  is  that 
force  which  resists  a  force  tending  to  break  or  crush  a  body.  It 
is  greatest  in  solids,  usually  less  in  liquids,  and  nothing  in  gases. 
It  acts  only  at  insensible  distances,  and  is  strictly  a  molecular 
force.  AVhcn  once  the  cohesion  is  overcome,  it  is  difficult  to  force 
the  molecules  near  enough  to  one  another  for  this  force  to  become 
effective  aofnin.  liroken  iiieces  of  glass  and  crockery  cannot 
be  so  nicely  readjusted  that  tiny  will  hold  together.  Yet  two 
polished  surfaces  of  glass,  placed  in  contact,  will  cohere  quite 
strongly.     Or  if  the,  glass  is  heated  till  it  is  soft,  or  in  a  semi- 
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fluid  condition,  then,  by  pressure,  the  molecules  at  the  two 
surfaces  will  How  around  one  another,  pack  themselves  closely 
together,  and  the  two  bodies  will  become  firml}'  united.  This 
process  is  called  loelding.     In  this  manner  iron  is  welded. 

Cohesive  force  varies  greatly  in  ditterent  substances,  according 
to  the  variation  in  the  nature,  form,  and  arrangement  of  the 
molecules  of  which  the}-  are  composed.  These  modifications  of 
the  force  of  attraction  give  rise  to  certain  conditions  of  matter^ 
designated  as  crystalline.,  amorphous.,  hard,  flexible.,  elastic,  brit- 
tle, viscous,  malleable,  ductile,  and  tenacious. 

§  23.  Crystalline  and  amorphous  conditions  of  matter. 
—  If  our  vision  could  be  rendered  keen  enough  to  enable  us  to 
see  and  examine  the  molecular  structure  of  different  substances, 
to  look  into  their  bodies,  as  we  look  into  the  starry  heavens,  and 
observe  the  positions,  the  spaces,  and  the  arrangement  of  that 
unexplored  world,  there  would  undoubted!}'  be  unfolded  to  us 
wonders  and  beauties  of  which  we  have  never  dreamed.  "We 
should  probably  behold  an  endless  variet}'  of  arrangement  among 
the  molecules.  We  might  learn  wh}'  it  is  tliat  the  molecule  of 
the  diamond,  of  graphite,  and  of  charcoal  being  the  same  {i.e., 
the  same  substance),  we  get,  possibl}'  by  different  arrangement 
and  different  behavior  of  molecular  forces,  the  hard,  transparent, 
and  brilliant  diamond  in  the  one  case,  the  soft,  opaque,  metallic- 
looking  graphite  iu  another,  and  finally  the  porous,  black,  and 
sliapeless  charcoal. 

Obtain  a  piece  of  mica,  or  Iceland  spar,  and  a  piece  of  chalk, 
and  attem[)t  to  cut  them  in  two,  by  ai)plying  the  knife  in  differ- 
ent directions.  You  find  that  you  can  easily'  cleave  the  mica  in 
one  direction,  and  obtain  a  smooth,  shining  surface.  This  is 
called  its  plane  of  cleavage.  Cut  it  in  an}'  otlier  direction,  and 
you  get  rougli  and  ragged  surfaces.  The  spar  may  be  cleft 
easily  and  smoothly  in  three  directions.  But  the  chalk  ma}''  be 
cleft  in  one  direction  as  well  as  another,  and  in  no  direction  can 
a  smooth  surface  be  obtained.     We  leara  by  these  trijils  that 
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matter  ma}'  have  method  in  its  arrangement,  or  possess  definite 
structure. 

When  matter  exhibits  structure  or  method  in  its  molecular 
arrangement,  it  is  said  to  be  crystalline.  Exam[)les  of  crys- 
talline arrangement  are  mica,  Iceland  spar,  and  carbon  in  the 
form  of  diamond.  When  its  molecular  arrangement  is  method- 
less  or  structureless,  it  is  said  to  be  amorphuus.  Examples  of 
amorphous  matter  are  chalk,  glue,  glass,  and  carbon  in  the  form 
of  charcoal. 

Experiment  1.  Pulverize  20s  of  alum,  aud  dissolve  in  50'^'='"  of  hot 
water  ;  suspend  a  thread  iu  the  solution,  and  put  it  away  where  it  eaii 
quietly  and  slowly  cool.  The  process  by  which  matter,  in  solidifying, 
assumes  a  structural  condition  is  called  crystallization.,  aud  bodies 
which  have  acquired  regular  shape  by  this  process  are  called  crystals. 
Obtain  crystals  of  saltpetre,  blue  vitriol,  aud  potassium  bichromate,  by 
dissolving  as  much  as  possible  of  these  substances  in  hot  water,  and 
allowing  the  solutions  to  cool,  always  slowly  and  quietly. 

Experiment  2.  Thoroughly  clean  a  piece  of  window-glass,  and  pour 
upon  it  a  hot,  concentrated  solution  (see  §  3."))  of  ammonium  chloride 
or  saltpetre.  Allow  the  liquid  to  drain  off,  and  liold  it  up  to  the 
sunlight.  What  do  you  observe?  What  is  it  that  is  going  on  before 
your  eyes? 

Very  interesting  illustrations  of  crAstallization  are  those  deli- 
cate lacelikc  figures  w^hich  follow  the  touch  of  frost  on  the 
window-pane.  Figure  10  represents  a  few  of  more  than  a  thou- 
sand forms  of  snowflakes  that  have  been  discovered,  resulting 
from  a  variety  of  arrangement  of  the  water  molecules. 

Nature  teems  witli  crystals.  Nearly  every  kind  of  matter,  in 
passing  from  the  liipiid  state  (whether  molten  or  in  solution)  to  the 
solid  state,  tends  to  assume  synnnetrical  forms.  Crystallization 
is  the  ride  ;  amorjohism,  the  exception.  Break  open  a  sugar-loaf, 
and  you  will  find  the  surface  fracture  composed  of  small,  shining, 
crystalline  surfaces.  You  can  scarcely  pick  up  a  stone  and  break 
it,  without  finding  the  same  crystalline  fracture.     Every  piece 
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of  ice  is  a  mass  of  crystals,  so  closely  packed  together  that  the 
individuals  are  not  distinguishable. 

§  24,  Change  of  volume  by  crystallization.  —  This  tend- 
enc}'  of  matter  to  structural  arrangement  is  not  only  very  inter- 
esting, but  very  important  in  the  arts.     It  is  very  natural  to 

Fig.  10. 


suppose  that  the  new  arrangement  of  molecules,  when  passing 
from  the  liquid  to  the  solid  state,  should  occasion  either  at) 
increase  or  diminution  in  volume.  We  are  not  surprised  when 
we  find  that  water,  in  freezing,  disregards  the  law  of  contraction 
by  cold,  and  that  the  molecules  are  not  found  so  closely  packed 
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togetlicr,  in  the  new  and  structural  state,  as  when  under  the 
influence  ©f  cohesion  alone. 

The  force  exerted  by  the  molecules  in  changing  positions  is 
so  enormous  as  to  bin-st  tlie  strongest  vessels.  Hence  our  ser- 
vice-pipes are  burst  when  water  is  allowed  to  freeze  in  them. 
Huge  rocks  are  dislodged  from  their  resting-places  in  the  native 
quarry  on  the  mountain-side  by  water  getting  into  the  crevices, 
freezing,  expanding  jear  after  3'ear,  and  pushing  the  rocks 
from  their  support.  Cast-iron  and  man}'  alloys,  such  as  t3pe- 
nietal,  ex[)and  on  solidifying.  Sucli  metals  may  be  cast  in 
molds,  since,  in  ex[)andiug,  they  fill  all  the  minute  cavities  of 
tlie  mold.  Most  metals  contract  on  solidilying.  Hence  gold, 
silver,  and  copper  coins  require  to  be  stami)ed.  Cast-iron, 
when  broken,  exhil)its  a  crystalline  fracture.  Wrought-iron, 
when  subjected  to  long-continued  jarring,  —  for  instance,  the 
axles  of  car-wheels,  and  iron  cannon, — l)ecomes  very  brittle, 
and,  when  broken,  exhibits  a  very  marked  crystalline  fracture 
wiiich  it  would  not  have  shown  before  long  use.  It  is  probable 
that  the  molecules  of  iron,  when  shaken  up  b}-  the  jarring,  are 
free  to  arrange  themselves  in  their  peculiar  method,  and  that,  in 
this  new  arrangement,  the  cohesive  force  is  weakened. 

§  25.  What  is  the  cause  of  this  almost  universal  ten- 
dency of  matter  to  crystallize?  —  We  have  no  al)solute 
knowledge  of  the  doings  in  the  molecular  world.  But  we  have 
very  satisfactory  methods  of  judging.  Analog}-  is  the  light  by 
which  we  must  frequently  explore  inaccessible  space.  "We  de- 
termine the  laws  that  govern  large,  tangible  masses,  and  from 
these  Ave  infer  the  laws  that  govern  small,  intangible  bodies,  or 
molecules.  Let  us  adopt  this  method  in  attenii>ting  to  unravel 
the  mystery  before  us. 

Kxperiinent  1.  Take  two  cambric  needles,  and  (lr:nv  each  several 
times,  from  the  eye  to  the  point,  over  the  same  eiul  of  a  inaniict.  Now 
suspend  each  needle  by  a  thread,  so  that  it  will  be  balanced  in  a 
horizontal  position.  Brine:  the  eye  of  one  near  the  point  of  the 
pther.      Bring  the  nuiklle    of  one   near  the   middle    of    the    otlier. 
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Bring  the  point  of  one  near  tlie  point  of  the  otlier.  Bring  the  eye  of 
one  uear  tlie  eye  of  the  otlier.  Wliat  is  the  result  in  each  case?  Tlie 
opposite  cliaracter  which  the  ends  of  the  needle  exhibit  we  will  call 
polarity. 

Now,  break  one  of  the  needles  into  two  pieces,  and  experiment  as 
before.  Break  them  into  still  smaller  pieces,  and  the  smallest  piece 
that  you  can  ol)taia  possesses  polarit}^,  as  certainly  as  the  original 
needle.  Imagine  the  work  of  division  to  be  continued  till  the  molecule 
is  I'eached.  Is  it  too  much  to  assume  that  the  molecule  may  possess 
polarity? 

Throw  a  tlozen  of  these  magnetized  needles  on  a  sheet  of  paper,  and 
shake  them  about.  Uo  they  group  themselves  with  any  appearance  of 
regularity?  If  two  are  to  form  a  rigid  group,  how  nmst  they  be  ar- 
ranged?    How  is  it  with  a  group  of  three? 

Experiment  2.  Next  place  a  magnet  beneath  a  sheet  of  paper,  and 
sift  iron  tilings  over  it.  Gently  tap  the  paper.  This  reminds  us  of  the 
ctfect  of  jarring  on  the  car-axle  and  cannon,  where  molecules,  once  set 
in  motion,  tend  to  arrange  them^^elves  according  to  some  guiding  prin- 
ciple. Next,  lay  the  magnet  on  a  bed  of  iron  filings  (see  §  188),  and 
then  raise  it. 

"We  pass  readily  from  tiiese  facts  to  conclusions  respecting  the  mo- 
lecular arrangement  in  the  crystal.  Only  grant  the  supposition  that 
the  molecule  is  endowed  with  something  similar  to  polarity,  and  we 
can  picture  to  ourselves  the  molecules,  like  the  iron  filings,  wheeling 
into  line  in  obedience  to  their  jiolar  forces.  Crystals  are  more  easily 
cleft  in  some  dii'ections  than  in  others;  may  not  this  be  accouuted  for 
by  supposing  that,  like  the  magnet,  the  attraction  on  some  sides  of  the 
molecule  is  greater  than  on  others? 

§  21.  Hardness.  —  Name  some  inttal  tbat  you  can  scratch 
with  a  fiuger-uail.  See  if  you  can  scratch  a  piece  of  copper 
with  a  piece  of  lead,  and  vice  versa.  Get  as  many  specimens  as 
possible  of  the  following  substances  :  talc,  chalk,  glass,  quartz, 
iron,  silver,  lead,  copper,  rock-salt,  and  marble.  ■  Ascertain 
which  of  them  will  scratch  glass,  and  which  are  scratched  by 
glass.  What  term  do  we  employ  in  speaking  of  those  substances 
that  are  easily  scratched  ?  To  those  that  are  scratched  with 
difficulty?     Which  is  the  softest  metal  that  you  have  tried? 
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The  hardest?  Which  is  the  softer  metal,  iron  or  lead?  Which 
is  the  more  dense  metal  ?  Does  hardness  depend  upon  density  ? 
What  force  must  be  overcome  in  order  to  scratch  a  substance  ? 
When  will  one  substance  scratch  another? 

To  enable  us  to  express  degrees  of  hardness,  the  following 
table  of  reference  is  generally  adopted  :  — 

MOHR'S  SCALE  OF  HARDNESS. 


1. 

Talc. 

6. 

Orthoclase  (Feldspar; 

2. 

Gypsura  (or  Rock-Salt). 

7. 

Quartz. 

3. 

Calcite. 

8. 

Topaz. 

4. 

Fliior-Spar. 

9. 

Coi'iiudum. 

5. 

Apatite. 

10. 

Diamond. 

By  comparing  a  given  substance  with  the  substances  in  the 
table,  its  degi-ee  of  hardness  can  be  expressed  approximately  by 
one  of  the  numbers  used  in  the  table.  If  the  hardness  of  a  sub- 
stance is  indicated  by  the  number  4,  what  would  you  understand 
by  it? 

§  27.  Flexibility.  —  Such  substances  as  may  be  bent,  or  admit 
of  a  hinge-like  movement  among  their  _,.    „ 

'^  '=>  Fig.  11. 

molecules,  are  called  flexible.  What 
difference  have  3-ou  noticed  in  differ- 
ent jack-knife  blades  ?  How  can  you 
tell  a  soft  blade  from  a  hard  blade? 

If  3^ou  bend  a  stick,  as  in  Figure  11,  it  is  apparent  that  the 
molecules  on  the  upper  side  must  be  separated  from  each  other 
a  little  farther  than  usual,  and  that  they  must  have  slightly 
rolled  round  one  another,  while  those  on  the  under  side  must  be 
crowded  together  more  closely  than  usual.  On  the  other  hand, 
the  molecules  in  a  glass  rod  have  fixed  relative  positions  which 
will  permit  very  little  disturbance. 

§28.  Elasticity. — Obtain  thin  strips  of  the  following  sub- 
stances:  rubber,  wood,  ivorj-,  whalebone,  steel,  brass,  copper. 
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iron,  zinc,  and  lead.  Stretch  the  piece  of  rubber.  What  change 
in  its  molecular  condition  must  occur  when  it  is  stretched? 
What  molecular  force  causes  it  to  contract  when  the  stretchins: 
force  is  removed?  Compress  the  rubber.  What  change  of 
molecular  condition  takes  place  in  compression?  What  force 
causes  it  to  expand  when  the  pressure  is  removed  ?  Bend  eacli 
one  of  the  above  strips.  Note  which  completely  unbends  when 
the  force  is  removed.  Arrange  the  names  of  these  substances 
in  the  order  of  the  rapidity  and  completeness  with  which  they 
unbend. 

What  change  takes  place  among  the  molecules  on  the  concave 
side  of  the  bent  strips?  What,  among  the  molecules  on  the 
convex  side  ?  What  two  forces  are  concerned  in  the  unbending  ? 
Twist  the  cord  of  a  window-tassel.  What  causes  it  to  untwist? 
The  property  which  matter  possesses  of  recovering  its  former 
shape  and  volume,  after  having  yielded  to  some  force,  is  called 
elasticity.  To  what  forces  is  elasticity  due?  Does  all  mat- 
ter possess  this  property  in  the  same  degree?  Does  the  rub- 
ber possess  the  same  ability  to  unbend,  as  to  contract  after 
being  stretched?  In  what  four  ways  have  3'ou 
tested  the  elasticity  of  substances?  Does  a  sub- 
stance possess  equal  power  of  recovering  its  form 
after  yielding  to  each  of  these  four  methods  of 
applying  force?  Why  are  pens  made  of  steel? 
What  moves  the  machinery  of  a  watch?  What 
is  the  cause  of  the  softness  of  a  hair  mattress  or 
feather-bed  ? 

A  common  sprinjEr-balance  used  for  weighing  con- 
sists of  a  steel  spring  wound  into  a  coil.  The  weight 
of  the  body  to  be  weighed  straightens  or  draws  out 
the  spring.  A  pointer  moving  o^er  a  plate  which  is 
divided  into  equal  parts  shows  how  much  the  spring  has  been  drawn 
out.  But  the  entire  virtue  of  this  apparatus  consists  in  the  elasticity 
of  the  spring,  or  its  power  to  recover  its  original  form  after  being 
drawn  out.  Give  other  illustrations  of  the  application  of  elasticity 
to  practical  purposes. 


Fis.  r2. 
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An}'  silteration  in  the  form  of  a  body  due  to  the  appheation  of 
a  force  is  called  a  stixiin,  and  the  force  bj-  which  the  strain  is 
produced  is  called  the  stress.  A  body  which,  having  experienced 
a  strain  due  to  a  certain  stress,  completely  recovers  its  original 
condition  when  the  stress  is  removed,  is  said  to  be  jy&^'fsctly 
elastic.  Liquids  and  gases  are  perfectl}'  elastic  (see  §  48) .  Solids 
are  perfectly  elastic  u[)  to  a  certain  limit,  which  varies  greatly  in 
different  substances.  If  the  stress  exceeds  a  certain  limit,  the 
form  of  the  solid  becomes  permanently  altered,  and  the  state  of 
the  bod}',  when  the  permanent  alteration  is  about  to  take  place, 
is  called  the  limit  of  perfect  elasticity.  In  soft  or  plastic  bodies 
this  limit  is  soon  reached.  What  is  the  result  of  overloading 
carriage  springs  ? 

§29.  Brittleness. — Apply  shaip  blows  with  a  hammer  to 
each  of  the  substances  whose  hardness  you  have  tested  (§  2G), 
and  ascertain  which  are  the  most  casil}'  broken  or  pulveriz(»(l. 
Observe  that  some  substances  suffer  a  permanent  change  in  form 
when  subjected  to  a  stress  which  exceeds  their  limit  of  elasticity, 
while  othois  Jjreak  before  there  is  any  permanent  alteration  in 
form.     The  latter  are  said  to  be  brittle. 

§30.  Viscosity.  —  Support  in  a  horizontal  position,  atone 
of  its  extremities,  a  stick  of  sealing-wax,  and  suspend  from  its 
free  extremity  a  small  weight,  and  let  it  remain  in  this  condition 
several  days,  or  perhaps  weeks.  At  the  end  of  the  time  the 
stick  will  be  found  permanently  bent.  Had  an  attempt  been 
made  to  bend  the  stick  (juickSy,  it  would  have  been  found  (juite 
biittle.  A  bod}'  which,  subjected  to  a  stress  for  a  considerable 
time,  suffers  a  permanent  change  in  form,  is  said  to  be  viscous. 
Hardness  is  not  opposed  to  viscosity.  A  lump  of  pitch  may  be 
quite  hard,  and  yet  in  the  course  of  time  it  will  flatten  itself  out 
b}'  its  own  weight,  and  flow  down  hill  like  a  stream  of  syrup. 
Liquids  like  molasses  and  honey  are  said  to  be  viscous,  in  dis- 
tinttion  from  limpid  liquids  like  water  and  alcohol. 
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§  31.  Malleability  and  ductility.  —  Some  snlistaiioes  pos- 
sess, in  the  solid  state,  a  certain  amonnt  of  Jliiiditi/  ;  that  is, 
their  molecules  ma}-  be  displaced  without  overcoming  their  cohe- 
sion. Place  a  piece  of  lead  on  an  anvil,  and  hammer  it.  It 
spreads  out  under  the  hammer  into  sheets,  without  being  broken, 
though  it  is  evident  that  the  molecules  have  moved  about  among 
one  another,  and  assumed  entirely  different  relative  positions. 
Heat  a  piece  of  soft  glass  tube  in  a  gas-flarae,  nnd,  although  the 
glass  does  not  become  a  liquid,  it  behaves  very  much  like  a 
liquid,  and  can  be  drawn  out  into  very  fine  threads.  When  a 
solid  possesses  sufficient  fluidity  to  admit  of  being  drawn  out 
into  threads,  it  is  said  to  be  ductile}  When  it  will  admit  of 
being  hammered  or  rolled  into  sheets,  it  is  said  to  be  malleable. 

As  mi^lit  be  expected,  Ihoxc  snhstanccs  thai  are  ductile  arc  also  mcd- 
lecdjlc.  But  the  same  substance  does  not  usnaffy  possess  the  two 
properties  in  an  equal  degree.  Platinum  is  the  most  ductile  metal.  It 
can  be  drawn  into  wire  finer  than  a  spider's  thread.  It  is  the  seventh 
metal  in  the  rank  of  malleability.  Gold  is  the  most  malleable  metal. 
It  can  be  hammered  into  leaves  so  thin,  that  it  would  require  300,000 
to  mal\e  a  book  one  inch  thick.  It  ranks  next  to  platinum  in  ductility. 
Iron,  at  a  red  heat,  is  very  malleable  and  ductile.  What  metals  can 
be  drawu  into  wires?  What  metals  can  be  rolled  or  hammered  into 
sheets? 

§  32.  Tenacity.  —  In  order  that  a  substance  may  be  ductile, 
it  is  evident  that  it  must  possess  a  strong  cohesive  force,  so  as 
to  prevent  rupture.  The  power  that  matter  possesses  of  resisting 
rupture,  b}-  a  pulling  force,  is  called  tenacity.^  A  body  may  be 
tenacious  tuithout  being  ductile,  but  it  cannot  be  ductile  icithovl 
being  tenacious.  It  is  remarkable  that  the  tenacit}'  of  most 
metals  is  increased  by  being  drawn  out  into  wires.  It  would 
seem,  that,  in  the  new  arrangement  which  the  molecijles  assume, 
the  cohesive  force  is  stronger  than  in  the  old.  Hence  cables 
made  of  iron  wire  twisted   together,   so   as  to    form  an    iron 

*  Ductile,  draw-able.  ^  Malleable,  as  it  were  mallet-able, 

*  Tenacity,  property  of  holding. 
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rope,  are  stronger  than  iron  chains  of  equal  weight  and  length, 
and  are  much  used  instead  of  chains,  where  great  strength  is 
required. 


§33.  Adhesion.  —  Grasp  with  jour  finger  a  piece  of  gold- 
leaf,  and,  honest  as  3'ou  may  be,  it  will  stick  to  3'our  fingers  ;  it 
will  not  drop  off,  it  cannot  be  shaken  off,  and  to  attempt  to  pull 
it  off  is  to  increase  the  difficulty.  Dust  and  dirt  stick  to  clothing. 
Thrust  your  haud  into  water,  and  it  comes  out  wet.  You  can 
climb  a  pole,  because  your  hands  stick  to  the  pole  ;  but  if  the 
pole  is  greased,  climbing  is  not  so  easy.  We  could  not  pick 
auything  up,  or  hold  anything  m  our  hands,  were  it  not  that 
these  things  stick  to  the  hands. 

Every  minnte's  experience  tcaclies  us  that  not  only  is  there  an 
attractive  force  between  molecules  of  the  same  kind  of  matter, 
but  there  is  also  an  attractive  force  between  molecules  of  unlike 
matter.  That  force  which  causes  unlike  substances  to  cling 
together,  is  called  adhesion.  Is  adhesion  a  molar  or  a  molecular 
force?  How  does  it  differ  from  cohesion?  Why  do  not  gold 
watches,  and  other  articles  of  gold  jewelry,  appear  to  stick  to 
the  fingers?  What  keeps  nails, driven  into  wood,  in  their  places? 
What  would  happen  if  all  adhesion  between  the  different  parts 
of  the  building  3'ou  are  in  should 
be  suddenl}'  destroj'ed?  When  a 
liquid  sticks  to  a  solid,  what  term 
do  we  usually  employ'  in  describ- 
ing the  phenouienon? 

Experiment!.  Shako  a  small 
quanlity  of  olive-oil  in  water,  and  ob- 
serve the  form  assumed  by  the  frag- 
ments of  oil  as  they  rise  through  the 
water.  Docs  this  experiment  indicate  that  the  adhesion  between  the  oil 
and  water  or  the  cohesion  in  the  oil  is  the  stronger  ? 

Experiment  2.  Suspend  a  plate  of  glass,  about  80«'"  square,  from 
one  arm  of  a  scale-beam,  attaching  the  threads  to  the  plate  with  sealing- 
wax.     Balance  it,  and  place  a  dish  of  water  nnder  the  glass,  so  that  its 
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tinder  surface  will  just  touch  tlie  surface  of  the  watef.  Add  small 
weight  uutil  the  glass  leaves  the  water.  Examine  the  under-side  of  the 
glass.  Have  you  separated  the  glass  from  the  water,  or  have  j'ou  torn 
the  water  apart?  Do  you  infer  from  your  experiment  that  the  ad- 
hesion between  the  glass  and  the  water,  or  the  cohesion  in  the  water  is 
the  greater? 

Glass  is  wet  by  water,  but  is  not  wet  by  mercury.  Is  there 
no  adhesion  between  mercury  and  glass? 

Experiment  2.  Substitute  mercury  for  water  in  the  last  experi- 
ment. Do  you  find  any  indication  of  adhesion?  Is  it  greater  or  less 
than  that  between  glass  and  water? 


&* 


It  is  probable  that  there  is  some  adhesion  between  all  substances 
ivhen  brought  in  amtact.  If  a  liquid  adheres  to  a.  solid  more 
firmly  than  the  molecides  of  the  liquid  cohere^  then  will  the  solid 
be  tvet  by  the  liquid.  If  a  solid  is  not  wet  by  a  liquid,  it  is  not 
because  adhesion  is  wanting,  but  because  cohesion  in  the  liquid 
is  stronger.  That  gases  adhere  to  solids  is  proved  by  the 
phenomena  of  absorption  described  in  §  37. 

QUESTIONS. 

1.  Why  will  not  water  wet  articles  that  have  been  greased  ? 

2.  Why  is  it  difficult  to  lift  a  board  out  of  water  ? 

3.  Why  does  water  run  down  the  side  of  a  tumbler  when  it  is 
inclined,  instead  of  falliug  vertically  ?  Suggest  some  method  of  pre- 
veutiug  it. 

4.  In  what  does  the  value  of  cement,  glue,  aud  mucilage  consist  ? 

5.  What  enables  you  to  leave  a  mark  with  a  pencil  or  crayon  ? 

§  34.  Capillarity.  —  Examine  the  surface  of  water  in  a  goblet. 
You  find  the  surface  level,  as  in  A  (Fig.  14),  except  around  the 
edge  next  the  glass,  where  the  water  is  curved  upward  so  as 
to  resemble  the  interior  surface  of  a  watch  crystal.  Mercury 
placed  in  a  goblet  (B)  has  its  edge  turned  downward,  resembling 
the  exterior  surface  of  a  watch  crystal.     This  seems  to  indicate 
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a  repulsion  lietween  mercury  and  glass.     But  a  previous  experi- 
inent  (page  37)  has  shown  that,  instead  of  repulsion,  tliere  is  a 
slight  adhesion  between 
these  substances. 

Pour  any  liquid  on  a 
level  surface  which  it 
docs  not  wet,  —  e.  g., 
water  on  paraffine  or 
wax,  or  mercuv}'  on 
glass.  It  spreads  itself 
over  the  surface,  but  the 
edges  are  everywhere 
rounded  or  turned  down 
like  the  edges  of  mercury  in  a  goblet.  Surely  these  rounded 
edges  are  not  caused  b}'  tlie  repulsion  of  the  sides  of  a  vessel. 
The  edges  of  all  liquids  will  be  turned  down  unless  the  adhesion 
between  them  and  the  sides  of  the  vessels  exceeds  the  cohesion 
in  the  liquid.  The  glass  does  not  cause  the  turning  down  of 
the  surface  of  mercur}'  in  the  goblet,  —  its  tendenc}'  is  rather  to 
prevent  it. 

Thrust  verticall}'  two  plates  of  glass  into  water,  and  gradu- 
ally bring  the  surfaces  near  each  other.  Soon  the  water  rises 
between  the  plates,  and  rises  higher  as  the  plates  are  brought 
nearer.  Tln-ust  a  glass  tube  of  ver}^  fine  bore  into  water ;  tlie 
attraction  within  it,  on  all  sides,  will  raise  the  water  to  twice  the 
hight  it  would  reach  when  between  two  plates  whose  distance 
apart  is  equal  to  the  diameter  of  the  bore  of  the  tube.  Thrust 
a  tube  of  the  same  bore  into  alcohol ;  this  liquid  rises  in  the 
tube,  but  not  so  high  as  water.  The  surfaces  of  both  the 
water  and  the  alcohol  are  concave.  If  the  tube  is  placed 
in  mercury,  the  opposite  phenomena  occur :  the  mercur}'  is 
depressed,   and   its   surface   is  convex.^      Both  ascension  and 

'  Tlie  Bcope  of  this  book  will  not  admit  of  an  explanation  of  the  phenomena  of 
capillarity.  The  studeut  can  tlnd  a  lucid  Ircatiiieiit  of  thin  siilijcct  in  Maxwell's  "Theory 
of  Heat,"  pp.  260-274;  also  under  "  Capillary  action,"  Encycloptedia  Brltannlca, 
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depression  diminish  as  the  temperature  increases,  being  greatest 
at  the  freezing  point  of  the  given  liquid,  and  least  at  its  boiling 
l)oiut.  (Regarding  heat  as  a  repellent  force,  can  you  give  any 
reason  why  the  ascension  should  be  less  at  high  than  at  low 
temperatures?)  Inasmuch  as  the  phenomena  are  best  shown 
in  tubes  having  bores  of  the  size  of  hairs,  they  are  in  such 
cases  called  cuplllary '  pheaomena^  and  the  tubes  are  called 
capillary  tubes. 

The  phenomena  of  capillary  action  are  well  shown  by  placing 
Fig.  15.  various   liquids  in  U-shaped   glass 

tubes,  having  one  arm  reduced  to  a 
capillary  size,  as  A  and  B  in  Figure 
15.    Mercury  poured  into  A  assinues 
convex  surfaces  in  both  arms,  but 
does  not  rise  so  high  in  the  small 
arm  as  it  stands  in  the  large  arm. 
Pour  water  into  B,  and  all  the  phe- 
nomena are  reversed.     C  is  a  glass 
tube  containing  water  and  mercury, 
and  sliowing  the  shapes  that  the  surfaces  of  the  two  liquids  take. 
Generalizing  the  above  facts,  we  have  i\\c  four  laws  of  capil- 
lary action :  — 

I.    Liquids  rise  in  tubes  lolien  they  tvet  them,  and  are  depressed 
ichen  they  do  not. 
II.     The  ascension  or  depression  varies  inversely  as^  the  diameter 
of  the  bore. 

III.  The  ascension  and  depression  vary  with^  the  nature  of  the 

substances  employed . 

IV.  The  ascension  or  depression  varies  inversely  ivith  the  tern- 

pierature. 
Illustrations  of  capillary  action  are  abundant.  It  feeds  the 
lamp-flame  with  oil.  It  wets  the  whole  towel,  if  one  end  is  left 
for  a  time  in  a  basin  of  water.  It  drav/s  water  into  wood,  and 
causes  it  to  swell  with  a  force  sufficient  to  split  rocks,  and  to 
i-aise  large  weights.  How  does  a  little  water  in  a  wooden  tub 
prevent  its  falling  to  pieces? 

1  Capillary,  hair-liJce.    2  Observe  that  throughout  this  treatise  the  word  as  expresaea 
an  exact  proporliou.    When  there  is  not  an  exact  proportion,  the  word  with  is  used. 
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§  35.  Other  molecular  phenomena.  —  Besides  the  phe- 
nomena we  have  just  studied,  there  are  a  great  many  others 
depending  in  part  on  molecuUir  attraction,  but  much  more  on  tlie 
molecular  motions,  of  which  we  learned  in  §  5,  page  G.  Many 
of  them  are  quite  familiar  and  important;  but  the  explanation, 
even  when  it  can  be  given,  is  usually  complicated  and  incom- 
plete. Tlie  principal  names  given  these  phenomena  are  solution, 
C(b.H07'ption,  and  diffasion. 

§36.  Solution  of  solids  —  depends  mainly  on  molecular 
attraction.  Hold  a  lump  of  sugar  so  that  it  will  just  touch  the 
surface  of  water.  Soon  water  is  drawn  u[)  into  the  pores  of  the 
lump  by  capillar}^  action,  and  the  whole  lump,  including  the 
part  not  submerged,  becomes  moist.  Next  3'ou  discover  that 
the  lump  becomes  smaller,  and  slowly  disai)i)ears  in  the  water. 

When  a  solid  becomes  diffused  through  a  liquid,  it  is  said  to 
be  dissolved.  The  dissolving  liquid  is  called  a  solvent,  and  the 
resulting  liquid  is  called  a  solution.  A  liquid  icill  dissolve  a 
solid,  only  lolien  the  adhesion  between  them  is  greater  than  the 
cohesion  in  the  solid.  A  liquid  always  dissolves  a  solid  more 
rapidly  at  first,  less  rapidl}'  as  the  adhesion  becomes  more  nearly 
satisfied  ;  and  when  it  is  completely  satisfied,  or  is  balanced  l)y 
the  cohesion  in  the  solid,  the  liquid  will  dissolve  no  more  of  the 
solid,  and  the  solution  is  said  to  be  saturated.  When  a  solution 
will  take  nfiich  more  of  a  solid,  it  is  said  to  be  dilute  ;  and 
concentrated,  when  it  will  take  little  or  no  more. 

If  the  solid  be  first  pulverized,  the  liquid  has  more  surface  on 
which  to  act,  and  the  solid  is  dissolved  much  more  rapidly. 
Heat  generally  wealcens  cohesion  more  than  it  tveakens  adhesion; 
hence,  with  few  exceptions,  hot  liquids  dissolve  solids  more 
rapidly  and  in  greater  quantities  than  cold  liquids.  Boiling 
water  dissolves  three  times  as  much  alum  as  cold  water ;  conse- 
quently, when  a  hot  saturated  solution  of  alum  is  allowed  to 
cool,  at  least  two-thirds  of  the  alum  must  be  restored  to  the 
solid  state  (see  Ex[).  1,  §23),  while  one-third,  or  the  amount 
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that  the  cold  liquid  is  capable  of  dissolving,  remains  in  solution. 
The  remaining  solution  is  called  the  mother-liquor.  Lime,  and 
a  few  other  substances,  are  dissolved  better  in  cold  water. 
Crystals  of  such  substances  are  only  obtained  b^-  gradual  evap- 
oration of  the  solvent. 

Water  is  the  great  solveut.  Wheu  we  speak  of  the  sohibility  of  a 
substauce,  water  is  always  uuderstood  to  be  the  solveut,  uuless  some 
other  liquid  is  specified.  AVhy  is  it  fortunate  that  water  is  so  good  a 
solvent?  Name  substances  that  water  does  not  dissolve.  Of  the 
mauy  substances  insoluble  in  water,  some,  as  phosphorus,  gums,  and 
resin,  flud  a  solveut  in  alcohol;  sulphur,  in  bi-sulphide  of  carbon;  lead, 
in  mercury;  and  fats,  in  ether  or  beuziue.  Would  you  wash  var- 
nished furniture  with  alcohol?  How  are  grease-spots  removed  from 
clothing? 


'o  ■ 


§  37.  Absorption  of  gases  by  solids  —  depends  mainly  on 
molecular  attraction,  and  is  generally  superficial.  Certain  solids 
possess  so  strong  an  attraction  for  gases  tliat  the}'  not  only  draw 
the  gases  into  the  small  cavities  or  holes  within  them,  but  greatly 
condense  them  there.  It  should  be  carefully  noted  that  the 
attraction  in  this  case  is  generall}'  between  the  gases  and  the 
surfaces  of  cavities,  and  is  hence  called  superficial,  in  dis- 
tinction from  intermolecular  attraction,  which  is  the  name  given 
to  the  phenomenon  when  gases  are  taken  into  the  pores  of  a 
body. 

Freshly-burned  charcoal  placed  in  dr}-  air,  ma}-,  in  a  few  daj'S, 
have  its  weight  increased  one-fiftieth  in  consequence  of  the  air 
that  it  absorbs.  (Has  air  weight?)  The  attraction  of  charcoal 
for  noxious  gases  is  especiallj'  gi-eat,  making  it  very  efficient 
in  cleansing  the  air  in  hospitals,  and  in  removing  noxious 
odors  from  putrid  animal  and  vegetable  matter  by  absorbing  the 
foul  gases  that  are  generated.  It  does  not  check  decay,  but 
rather  hastens  it.  A  rat,  which  had  been  buried  in  charcoal 
dust,  was  uncovered  at  the  end  of  a  month  ;  nothing  visible  was 
left  but  the  hair  and  bones,  yet  no  bad  odor  was  perceptible. 
Why  do  farmers  mix  muck  with  manures  ? 


42 


>rATTER   AND   ITS    PROPERTIES, 


§  38.  Absorption  of  gases  by  liquids  —  depends  on  molec- 
idar  attntctioit  and.  motion,  and  is  intermolecular.  Water,  at  a 
temperature  of  0°  Ceii.,  is  capable  of  condensing  in  its  pores 
six  hundred  times  its  own  bulk  of  ammonia  oas.  Water  thus 
charged  with  this  gas  is  called  "  ammonia  water."  The  amount 
of  gas  that  a  liquid  will  absorb  is  increased  by  pressure.  "  Soda 
water"  is  simply  water  saturated  with  carbonic-acid  gas 
under  great  pressure  ;  it  contains  no  soda.  When  the  press- 
ure is  removed  a  large  part  of  the  gas  escapes,  causing 
etfervescence. 


Fig.  16. 


§  39.    Free  diffusion  of  liquids  —  depenils  tnaiidij  on  mo- 
tion.—  Experiment  1.     Into  a  test-tube   ccnitaining   20"'"  of  water, 
pour  al)OUt  2""'of  olive-oil,  uud  shake.     Do  the    oil 
and  water  uiix? 

ICxperimeiit  2.  Partially  till  a  ylass  jar  (  Kiii'.  \*<) 
with  water.  Then  iutroduee  beneath  tiie  surface,  l)y 
means  of  a  lonij  tunnel,  a  concentrated  solution  of 
suli)hate  of  copper.  Set  the  vessel  aside  for  a  few  days. 
Does  the  experiment  show  any  mixiny;  or  diliusion  in 
this  case? 

Experiment  3.  Take  about  l''"'of  liisulphide  of 
carbon,  color  il  by  droppini;-  into  it  a  small  particle 
of  iodine,  and  pour  this  colored  s»)lutiou  into  a  test- 
tube  nearly  tilled  with  water.  Set  this  tube  aside  for  a  week.  Do  you 
tind  any  indications  of  diirusion? 


It  is  possible,  and  even  |)r()liable,  tliat  in  tliis  case  the  molecules  of 
ammonia  gas  are  not  simply  dillused  among  the  molecules  of  water,  but 
then'  is  a  ihernicnl  iniioii  l)etween  the  gas  and  the  water,  ammonium 
hydrate  l)eing  formed  thus:  ^;lIv-|-  11/)  =  NII4  IIO.  The  application 
of  heat  decomposes  the  hydrate,  producing  water  and  ammonia  gas, 
which  latter  then  escapes.  Again,  in  the  so-called  solution  of  carbon 
dioxide  (sometimes  called  carbonic-acid  gas)  in  water  i)rol)ably  to  some 
extent  there  is  a  chemical  union  Ijetween  the  gas  anil  the  water,  thus : 
COj-f  IIv  =  IIjC03. 
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Experiment  4.     Treat  glycerine  and  water  :\s  you  did  the  li(iuids  in 
Experiment  2.     What  is  the  result?     In  cases  where  diflnsion  resulted 
did  the  liquid  move  in  currents  or  by  mole- 
cules?   What  conclusions  do  you  draw  from  Fig.  17 
these  experiments? 

If,  during  the  operation  of  diffusion  in 
the  last  three  experiments,  you  examine 
tiie  liquid  witli  a  microscope,  yon  will  not 
be  able  to  trace  any  currents  ;  hence  the 
motion  of  liquids  in  diffusion  is  not  in 
mass,  but  in  molecules,  —  a  l<ind  of  inter- 
molecular  motion.  We  h-arn  that  some 
liquids,  even  when  stiired  togellier,  will 
not  remain  mixed;  while  others,  whose 
densities  are  very  different,  when  merely 
placed  in  contact  witli  each  other,  slowly 
mix  of  themselves. 


§  40.  Diffusion  of  liquids  through 
porous  partitions.  —  Osmose,  — 
Dialysis.  —  Very    complex.  —  Experiment. 

Cut    off    tlie    bottom    of    a    conical-shaped 
bottle  '    (or,    better,    use     a    glass     tunnel 

or  lamp-chinmey)  ;  lit  to  the  neck  of  the  bottle  a  cork  having  a 
glass  tube  passing  through  it  (Fig.  17).  Tie  tightly  over  the  bottom 
a  piece  of  gold-beater's-skin  or  parchment  paper.  Fill  the  bottle 
with  a  concentrated  solution  of  sulphate  of  copper,  and  press  the 
cork  into  the  bottle  so  that  the  liquid  will  stand  a  little  way  up  the  tube, 
say  at  a.  Now  suspend  the  apparatus  in  a  vessel  of  water,  so  that 
the  bottom  may  be  covered.  Leave  it  for  an  hour  or  more,  and  then 
carefully  examine.  What  is  the  result?  Wliat  does  this  experiment 
prove? 

When  liquids  or  gases  force  their  way  througli  porous 
septa,"  and  mix  with  each  other,  the  diffusion  is  called 
osmose.''  To  distinguish  the  two  opposite  currents,  the  flow 
of    the  liquid  or  gas  towards  that  which  increases  in  volume 


»  See  Appendix,  Section  B. 


*  Septum,  partition. 


3  Osmose,  impulse. 
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is  called  endosmose,^  and  the  opposite  current  is  called  exoS' 
mose.^ 

It  is  found  that  crystallizable  substances  are  the  best  subjects 
of  osmose,  while  those  which  are  usually  amorphous,  such  as 
gelatine  and  gummy  substances,  are  very  little  inclined  to 
osmose.  Those  substances  that  pass  rcadil}-  through  septa 
are  called  crystalloids ;^  those  that  do  not  are  called  colloidsJ 

The  principle  of  unequal  diffiisibility  of  liquids  through  septi 
finds  important  application  in  chemical 
and  i)harmaceutical  laboratories.  For 
example,  from  a  rod  (Fig.  18)  is  sus- 
pended a  glass  vessel  having  a  bottom 
of  parchment  paper.  Such  a  vessel  is 
called  a  dicdyzer.  In  the  dialyzer  is 
placed,  for  instance,  the  liquid  contents 
of  the  stomach  or  intestines  of  a  dead 
animal,  suspected  of  containing  some 
poison,  and  the  vessel  is  iloated  in  a 
vessel  of  water.  If  either  arsenic  or 
strychnine  is  present  it  will  separate  from 
the  albuminous  matter  in  the  food,  and 
pass  through  the  septum  into  the  water.  The  process  of  sep- 
arating mixed  liquids  by  osmose  is  called  dialysis. 


§  41.  Free  diffusion  of  gases  —  dopotids  <dmost  n-JioUy  on 
molecuhir  'motion.  —  Experiment.  Fill  a  test-tube  with  oxy^jen  sas, 
and  thrust  in  a  lighted  splinter;  the  splinter  burns  nuicli  more  rapidly 
than  in  the  air.  Fill  another  tube  with  hydrogen  gas,  and  keep  the 
tube  inverted  (for,  this  gas  ])eing  about  si.xteen  times  ligliter  than  air, 
there  will  l)e  no  danger  of  its  falling  out).  Thrust  in  a  lighted  splinter; 
the  gas  takes  fire,  and  burns  with  a  pale  flame  at  the  mouth  of  the  tube. 
Next  fill  one  tube  with  oxj'gen  and  the  other  with  hydrogen  gas,  and 
plaee  the  mouth  of  the  latter  over  the  mouth  of  the  former,  as  in  Fig- 
ure 19.    In  about  a  minute  apply  a  lighted  sjilinter  to  the  mouth  of  each 


1  Endosmosc,  inward  impulse. 
*  Exosmoac,  outward  impulse. 


'  CryBtiiUoid,  like  crystal. 
*  Colloid,  like  gum. 
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tube  (let  the  mouth  of  each  tube  be  freely  opeu  to  prevent  accident). 
What  is  the  result?  What  conclusiou  do  you  draw  from  it?  Are 
oxvgen  aiul  liydrogeu  nearly  of  the  same  weight? 

Experiment  2.  Fill  ajar  with  carbon  dioxide,  a  gas  much  heavier 
than  air,  and  uncover  with  the  mouth  upwards.  How  much  of  the  gas 
remains  in  the  jar  at  the  end  of  ten  minutes? 


Fiff.  19. 


Many  pairs  of  liquids  do  not  diffuse  into  eacli  other,  but  everj 
gas  diffuses  into  every  other  gas,  and  it  is  impossible  to  prevent  two 
gases  from  mixing  when  placed  in  contact. 
(It  is  thought  best  to  introduce  the  subject  of 
dirfMsion  of  liquids  and  gases  in  this  place, 
tliough  it  has  little  or  no  connection  with  the 
subject  of  adhesion.  The  explanation  of 
diffusion  must  be  deferred  to  its  proper  place 
in  the  chapter  on  Heat,  §  128. 

In  consequence  of  this  universal  tendency  to 
dittusion,  gases  will  not  remain  separated,  —  i.e., 
a  lighter  resting  upon  a  heavier,  as  oil  rests  upon 
water.  This  is  of  immense  importance  in  the 
economy  of  nature.  The  largest  portion  of  our 
atmosphere  consists  of  a  mixture  of  oxygen  and 
nitrogen  gases.  There  are  always  present  also 
small  quantities  of  other  gases,  such  as  carbonic- 
acid  gas,  ammonia  gas,  and  various  other  gases, 
wliich  are  generated  by  the  decomposition  of 
organic  matter.  These  gases,  obedient  to  gravity 
alone,  would  arrange  themselves  according  to 
their  weight,  —  carbonic-acid  gas  at  the  bottom, 
or  next  the  earth,  followed  respectively  by  oxy- 
gen, nitrogen,  ammonia,  and  other  gases.  Neither  animal  nor  vegetable 
life  could  exist  in  this  state  of  things.  But,  in  consequence  of  their 
diffusibility,  thej'  are  found  intimately  mixed,  and  in  the  same  relative 
proportions,  Avhether  iu  the  valley  or  on  the  highest  mountain  pealc. 


§  42.  Diffusion  of  gases  through  porous  partitions  — ■ 
depends  on  the  size  of  molecules^  size  of  pores,  and  on  molecular 
motion;  veri/ compleie, 
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Experiiiieut.     Take  a  thin,  uny^lazcd  earthen  cup,  such  as  is  used  in 

Bunsen's   battery  (§  105),  and   phig   up   the   open 

end  witli  a  cork  through  which  extends  a  ghiss 

tube.     Place  the  exposed  end  of  the  tuljc  in  a  cup 

of  colored  water.    Lower  a  glass  jar,  filled  with 

hydrogen  or  coal-gas,  over  the  porous  cup,  as  iu 

Figure  20.     Observe  carefully  what   takes  place. 

llow  do  you  explain  the  result?    Remove  the  glass 

jar.     What  happens?    Does  the  result  in  this  case 

lead  to  the  same  conclusion  as  that  in  the  first? 
An  interesting  modification  of    this  apparatus 

is    the  diffusion  fountain  (Fig.  21).     B}'  i)assing 

the  glass  tube  of  the  porous  cup  through  the  co;k 

of  a  tightly-stopped  vessel,  and   having  another 

glass  tube  pass  through 
another  perforation  iu 
the  same  coi'k,  water  is 
forced  out  in  a  jet  sev- 
eral feet  in  hight,  when 
the  hydrogen  jar  is  held 
over  the  porous  cup. 

Children  well  understand  that  toy-balloons, 
which  are  made  of  collodion  and  filled  with 
coal-gas,  collapse  in  a  few  hours  after  they  arc 
inflated.  What  is  the  cause?  Nature  furnishes 
an  illustration  of  osmose  of  gases  in  respira- 
tion. In  the  lungs  the  blooil  is  separated  IVoni 
the  air  by  the  thin,  membranous  walls  of  the 

veins.     Carbonic-acid  gas  escapes  from  the  blood  through  these  septa, 

and  oxygen  gas  enters  the  blood  through  the  same  septa. 


CHAPTER    II. 

DYNAMICS. 


IV.     DYNAMICS   OF   FLUIDS. 

§  43.  Equilibrium,  pressure,  and  tension.  —  Th.it  branch 
of  science  which  treats  of  force  and  the  motions  it  produces  is 
called  dynamics.  It  has  been  shown  that  force  may  act  on  a 
body  to  produce  motion  or  rest ;  also  that  two  or  more  forces 
may  so  act  on  a  body  as  to  neutralize  each  other's  effect.  In 
the  latter  case,  the  body  continues  in  the  same  condition,  either 
of  motion  or  rest,  as  if  it  were  independent  of  the  action  of  the 
forces,  and  is  said  to  be  in  equilibrium^^  and  the  forces  acting 
on  it  are  also  said  to  l)e  in  equilibrium.  Inasmuch  as  no  body 
is  ever  free  from  the  action  of  force,  it  must  be  that  a  body  at 
rest  is  in  a  state  ofequilibrinm. 

If  any  portion  of  a  force  is  not  effective  in  producing  motion, 
—  i.e.,  if  part  or  all  of  it  is  exerted  against  other  forces,  —  there 
may  result  what  is  called  a  j^^'^ssure  on  the  body ;  as  when  we 
push  on  a  wall  or  on  a  heavy  sled  moving  over  the  ice,  or  a 
book  pi-esses  the  table.  The  same  force  which  causes  a  body  to 
fall  when  unsupported,  causes  it  to  press  on  an}'  obstacle  which 
prevents  it  from  falling.  Or,  if  the  force  is  exerted  on  a  l)ody 
in  which  the  molecular  attraction  is  strong,  —  i.e.,  on  a  solid,  — 
we  may  have  a  pull  or  tension,  as  when  we  hang  in  a  swing,  or 
hang  a  stone  from  a  rubber  band.  If  the  body  under  the  influ- 
ence of  a  force  maintains  a  uniform  velocity,  we  mhy  measure 
the  force  by  the  pressure  {or  tension)  exerted,  or  may  measure 
the  pressure  by  the  amount  of  the  force,  whichever  may  be  more 
convenient.  The  case  of  uniform  velocity  includes  the  case  of  rest. 

'  Equilibrium,  equal  balance. 
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§  44,  Pressure  in  fluids.  —  It  will  be  seen  that,  with  the 
exception  of  the  phenomena  of  capillarity  and  those  occasioned 
bj^  difference  in  compressibility  and  expansibility,  liquids  and 
gases  are  governed  by  the  same  laws.  We  shall,  therefore,  treat 
them  together,  in  so  far  as  they  are  alike,  under  the  common  term 
of  fluid. 

It  should  be  borne  in  mind  that  we  are  phiced  on  the  borders 
of  two  oceans.  A  watery  ocean  borders  our  land  ;  an  aerial 
ocean,  which  is  called  the  atmosphere,  surrounds  us.  Every 
molecule,  in  both  the  gaseous  and  liquid  oceans,  is  drawn  to- 
ward the  earth's  centre  by  gravity.  This  gives  to  both  lluicls 
a  downward  pressure  upon  everything  upon  which  they  rest. 

The  gravitating  power  of  licpiids  is  everywhere  apparent,  as 
in  the  fall  of  drops  of  rain,  the  descent  of  mountain  streams, 
the  power  of  falling  water  to  propel  machinery,  and  the  weight 
of  water  in  a  bucket.  But  to  prove  the  downward  pressure  of 
air  requires  special  experiments.  If  we  lower  a  pail  into  a 
well,  it  fills  with  water,  but  we  do  not  perceive  that  it  becomes 
heavier  thereby  ;  the  downward  pressure  is  not  felt.  But  when 
we  raise  a  pailful  out  of  the  Avater,  it  suddenly  becomes  heavy. 
If  we  could  raise  a  pailful  of  air  out 
of  the  ocean  of  air,  might  not  the 
weight  of  the  air  become  percei)tible  ? 
I  f  we  dive  to  the  bottom  of  a  pond 
of  water,  we  do  not  feel  the  weiglit 
of  the  pond  resting  upon  us.  We  do 
not  feel  the  weight  of  the  atmospheric 
ocean  resting  upon  us  ;  but  we  should 
remember  that  c^ur  situation  with  ref- 
erence to  the  air  is  like  that  of  a 
diver  with  reference  to  water. 

Experiiiiciit  1.  Fill  two  glass  jars  (Fij;;.  22)  with  water,  A  havinu:  a 
glass  bottom,  B  a  bottom  provided  by  tyiui;  a  piece  of  sheet-rubbur 
tightly  over  the  rim.     Invert  both   in   ;i  larger  vessel   of  water,  C. 
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What  force  sustains  the  water  in  A?  What  can  l)e  the  source  of  tliis 
force?  Has  the  air  anything  to  do  Avitli  it?  To  satisfy  yourself  on 
this  poiut,  repeat  the  experiment,  using  mercury  instead  of  water; 
place  the  whole  appai'atiis  under  tlie  receiver  of  an  air-pump,  and  ex- 
haust the  air.  What  is  tlie  result,  and  how  does  it  answer  the  question? 
The  only  reason  for  using  mercury  instead  of  water  is  that,  on  ac- 
count of  the  greater  density  of  the  former,  a  visible  result  is 
obtained  with  less  difficulty.  Why  is  the  rubber  Ijottom  of  B  forced 
inward? 

Take  a  glass  tube,  D,  1'"  long,  having  a  bore  of  1<="'  diameter.  Cover- 
ing t)ne  end  with  a  finger,  fill  with  water,  and  invert  in  C.  What  do  you 
feel?  Wliy?  Remove  the  finger,  and  the  water  in  the  tube  at  once 
sinlis  to  tlie  level  of  the  water  in  vessel  C.  Why?  In  every  instance 
we  find  tliat  tlie  downward  pressure  of  air  gives  rise  to  an  upward 
pressure  in  tlie  liquid.  In  thi^  respect  fluids  differ  widely  from  solids, 
whose  molecules  are  so  firmly  held  together  tliat,  when  one  part  is 
puslied  in  any  direction,  that  part  drags  the  rest  with  it. 

We  have  accounted  for  water  being  sustained  in  the  vessels  A,  B, 
and  D,  by  an  upward  pressure  produced  by  the  downward  pressure  of 
the  air.  Does  this  downward  pressure  create  an  upward  pressure  in 
the  air  itself,  so  that,  if  the  vessels  are  lifted  out  of  the  water,  the 


rijr,  23. 


water  will  not  fall  out? 

Experiment  2.  Keeping  the  finger  pi'essed  on  the 
end  of  D,  raise  it  slowly  and  vertically  out  of  the 
water.  The  water  does  not  fall  out.  Why?  Slip 
a  thin  glass  plate,  or  a  piece  of  thick  pasteboard, 
under  the  mouth  of  A,  and.  pressing  it  against  the 
mouth,  raise  the  vessel  carefully  out  of  the  water, 
and  remove  the  hand  from  the  plate.  The  water 
does  not  fall  out,  nor  does  the  plate  fall.     Why? 

Experiment  3.  Foi'ce  a  tin  pail  (Fig.  23),  having 
a  hole  in  its  bottom,  as  far  as  possible  into  water, 
without  allowing  water  to  enter  at  the  top.  What  is  the  result?  Why? 
AYhy  does  it  require  so  much  effort  to  force  the  pail  down  into  the 
water? 
Does  downward  pressure  cause  a  lateral  pressure? 
Experiment  4.  Make  holes,  at  different  depths,  in  the  §ide  of  a  ves- 
sel (Fig.  24)  containing  water.  Water  issues  in  streams,  with  consid- 
erable force,  from  the  orifices.     Why? 

Experiment  5.    Bind  a  piece  of  thm  sheet-rubber  tightly  over  a 
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wide-mouthed  bottle,  and  place  it  at  considerable  depth  iu  water   in 

difforeut  positions.    What 

is  the  result  no  matter  in 

what  position  the  bottle  is 

placed?  What  lesson  does 

tliis  teach? 

Experiment   G.     The 

Magdeburg    hemispheres 

(Fig.  25)  are  two  hemis- 
pherical     cups,     having 

their  edges  made  smooth 

so  as  to  be  "air-tight" 

when  placed  in  contact. 

Each  cup  is  provided  witli  a  handle.     One  of  the  handles  consists  of 

two  i)arts,  a  stem  and  a  ring,  the  two  parts  ])eing  connected  liy  a  screw. 

The  stem  has  a  bore  passing  through  it,  and  a  stop-cock,        p,.^^  ^. 

which  regulates  tlie  passage  of  air  through  the  bore. 

Place  tlie  lips  of  the  cups  in  contact,  remove  the  ring, 

screw  the  stem  to  tlie  plate  of  an  air-pump,  and  exhaust 

the  air  from  the  sphere;  then  close  the  stop-cock,  and 

replace  the  ring.     Now  two  boys  grasping  the  rings,  and 

holding  the  spliei'e  in  any  position  they  choose,  can  only 

with  great  difficulty  pidl  them  apart.     Why? 

Boys  amuse  themselves  by  lifting  bricks  (Fig.  2fi)  with 
a  circular  piece  f)f  leather,  moistened  and 
pressed  against  the  surface  of  the  brick,  so  as 
to  exclude  the  air.  The  pressure  of  air  against 
the  leather  binds  it  to  the  brick  in  whatever 
position  placed. 

"\Vo  conchulo  that  f/ratv7_?/  anises  pressurt  in  a  boilij 

of  fluid  in  all  directions. 


Fi-  26. 


{)  45.  Pressure  increases  with  the  depth.  —  In  tlic  ex- 
periment with  the  vessel  with  apcrtiiivs  in  its  side  (Fig.  24), 
we  find  that  the  dooper  the  orifice,  the  greater  the  velocity  of 
tlie  stream.  And  in  the  experiment  with  the  wide-mouthed 
bottle  covered  witli  rnbl)er,  we  find  that,  at  tlie  same  depth,  tlie 
rubber  is  pressed  inward  eipially  in  all  directions,  but,  as  it  is 
carried  to  gi'eater  depths,  the  pressure  is  increasi'd. 
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Experiment.     Take  a  j::l:i.ss  tube  bent  in  the  form  represented  by  a, 
Fig.  27;  place  mercury  in  the  lovvei"  part  of  tlie  tulje,  so  as  to  lill  the 
short  arm,  and  gradually  lower  the  tube  into  a 
deep  vessel  of  water.     Sink  the  tube  to  diflereiit  tig- 27. 

deptlis,  and  carefully  watch  the  column  of  nu'r-  «=.    ^l 

cury.  What  is  the  result?     What  does  it  teach? 

§  46.    Pressure  at  any  point  in  a  fluid 
equal   in   all    directions.  —  Experiment  i. 

Introduce  another  tube,  containing  mercury,  of 
the  form  represented  by  b,  Fig.  27 ;  lower  both 
tubes  so-  that  the  orifices  in  the  water  shall  be  at 
the  same  level.  Observe  the  column  of  mercury 
in  each  tube.    What  does  the  experiment  prove? 

Experiment  2.  Co  ver  one  end  of  a  lamp-chimney  (Fig.  28)  with  a 
circular  piece  of  leather,  and  suspend  from  the  baud  by 
means  of  a  string  attached  to  the  center  of  the  leather 
and  passing  through  the  chimney.  Hold  the  leather 
flrndy  against  the  bottom  of  the  chimney,  and  lower  the 
covered  end  a  little  way  into  a  vessel  of  water.  You 
may  now  drop  the  string,  and  the  upwai'd  pressure  of 
the  water  will  keep  tlie  leather  in  place.  Pour  water 
slowly  into  the  chimney  until  the  leather  falls.  What 
hight  does  the  water  reach  in  the  lamp-chimney  before 
tlie  leather  falls?  Why  does  it  then  fall?  Why  does  not 
a  paiiful  of  water  in  a  well  seem  heavy? 


Fig.  2S. 


The  results  of  experiments  thus  far  show  that,  at  every  jwint 
in  a  body  ofjluld,  gravity  causes  pressure  to  be  exerted  equally  in 
all  directions,  and  that  in  liquids  the  2:>ressure  increases  as  (he 
depth  increases.  It  should  also  be  observed  that,  the  direction 
of  tlie  pressure  of  a  jluid  against  a  surface  in  contact  icith  it  is  at 
right  angles  to  the  surface. 

Have  we  auy  means  of  ascertaining  the  [)ressure  at  any  point 
in  the  atraospliere  ? 

Experiment  3.  Prepare  a  U-shaped  glass  tube  closed  at  one  end 
(Fig.  2J),  80*='"  in  bight  front  the  center  of  the  bend,  and  with  a  bore  of 
Icjcin  .section.    Fill  the  closed  arm  with  mercury,  aud  invert.    The  mer- 
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cury  in  the  closed  arm  will  sink  about  2'^'"  to  A,  and  will  rise  2='"  in  the 
open  arm  to  C ;  but  the  surface  A  is  Hi""  higher  than  the  surface  C. 
Tliis  can  be  accounted  for  oul}'  by  the  atnios- 
phonc  pressure.  The  column  of  mercury  B  A, 
containing  TC^"^'",  is  an  exact  counterpoise  for  a 
cohmm  of  air  of  the  same  diameter  extending 
from  C  to  the  upper  limit  of  the  atmospheric 
ocean,  —  an  unknown  hight. 

The  wcnght  of  the  76''""  of  merciir}'  in  the 
column  BA  is  1033.3°  exactly,  but,  for 
convenience,  may  be  said  to  be  about  I*'. 
Ileuce  the  weight  of  a  column  of  air  of 
1'"'"  section,  extending  from  the  surface  of 
the  sea  to  the  upper  limit  of  the  atmosphere. 


Fijr.  30. 


is  al)out  1''.    r>ut 
gravity      causes 


equal  pressure 
in  all  directions. 
Hence,  at  the 
level  of  the  .sea, 

(ill  bodies  are  ])rcssed  vpon  in  all 
(Urections  by  the  atmosphere^  with  a 
force  (if  about  i*  per  square  eevti- 
meter,  about  15  pounds  {exactli/  14.7 
lbs.)  per  square  inch,  or  about  one 
ton  per  square  foot.  Fluid  pressure 
is  generall}'  expressed  in  atmos- 
pheres. An  atmosphere  (when  the 
term  is  used  to  denote  pressure)  is 
the  j)r('.s.s?n-e  of  P  per  square  centi- 
meter. 

A  man  of  average  size  snstahis  an  ex- 
ternal pressure  of  about  lifteen  tons.  If  the  area  of  the  bottom  of  an 
"  empty  "  pail  is  one  square  foot,  the  downward  pressure  on  its  bottom 
is  a  little  more  tlian  one  ton ;  how  can  any  person  carry  such  a  pail? 
arnX  why  is  its  bottom  not  forced  uut? 


BAROMETER. 
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Fig.  31. 


§  47.  Barometer.  —  Figure  30  represents  another  form  of  ap- 
paratus, which  is  more  eonnnouly  used  for  ascertaining  atmospheric 
pressure.  It  consists  of  a  straight  tube  about  85'^'"  long,  closed  at 
one  end,  and  filled  with  mercury.    When  this  tube  is  inverted,  the 

open  end  having 
been  covered  with  a 
finger  and  plunged 
into  an  open  cup  ot 
mercury,  and  the 
finger  withdrawn, 
the  mercuiy  in  the 
tube  will  sink  till 
it  balances  the  at- 
mospheric press- 
ure. This  experi- 
ment was  devised 
})y  Torricelli,  an 
Italian.  The  ap- 
paratus is  called  a 
barometer^  The 
empty  space  above 
the  mercur}'  in  the 
tube  is  called  aTor- 
rkellian  vamum. 
The  history-  of  this 
experiment  is  very 
interesting  and  im- 
portant, inasmuch 
as  it  was  the  first 
demonstration  of 
the  pressure  of  the 
atmosphere.  (See 
Whewell's  History  of  Inductive  Sciences,  Vol.  I.,  page  345.) 
The  hight  of  the  barometric  column  is  subject  to  fluctuations  ; 

*  Barometer,  weight  measurer. 
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this  shows  that  the  atmospheric  pressure  is  subject  to  variations 
from  various  causes.  Tlie  barometer  is  alwa3'S  a  faithful  moni- 
tor of  all  changes  in  atmospheric  pressure.  It  is  also  service- 
able as  a  weather  indicator.  Not  that  any  particular  point  at 
which  mercury  mu}'  stand  foretells  an}-  particular  kind  of 
weather,  but  ayiy  sudden  chavge  in  the  barometer  indicates  a 
change  in  the  iveather.  A  rapid  fall  of  mercur}'  generally  fore- 
bodes a  storm,  while  a  rising  column  indicates  cleai'ing  weather. 

If  the  barometer  is  carried  up  a  mountain,  it  is  found  that  the 
mercury  constantly  falls  as  the  ascent  increases.  This  shows 
that  the  pressure  is  greater  near  the  bottom  of  the  aerial  ocean 
than  near  its  top.  It  is  found  that  the  pressure  increases  very 
rapidly  near  the  bottom,  as  may  be  understood  b}'  stud^'ing 
Figure  31.  The  shading  shows  the  variation  in  density  of  the 
air.  The  figures  in  the  left  margin  show  the  hight  of  the  atmos- 
phere, in  miles ;  those  on  the  right  the  corresponding  hight  of 
the  mercury,  in  inches.  The  average  hight  of  the  mercurial 
column,  at  the  level  of  the  sea,  is  about  76""  (30  inches). 

It  will  be  seen  that  the  density  at  a  hight  of  3  miles  is  but 
little  more  than  ^V  the  density  at  the  sea-level ;  at  G  miles,  \  ;  at 
9  miles,  -| ;  at  15  miles,  J^ ;  at  35  miles  it  is  calculated  to  be 
only  gQ^(,^,  so  that  the  greatest  part  of  the  atmosphere  must  be 
within  that  distance  of  the  surface  of  the  earth.  On  the  other 
hand,  if  an  opening  could  be  made  in  the  earth,  35  miles  in 
dei)th  below  the  sea-level,  it  is  calculated  that  the  density  of  the 
air  at  the  bottom  would  be  1 ,000  times  greater  than  at  the  sea 
level,  so  that  water  would  float  in  it.  Air  has  been  compressed 
to  this  density. 

To  what  hight  the  atmosphere  extends  is  unknown.  It  is 
variously  estimated  at  from  50  to  200  miles.  If  the  aerial  ocean 
were  of  uniform  density,  and  of  the  same  density  that  it  is  at 
the  sea-level,  its  depth  would  be  a  little  short  of  five  miles. 
Certain  peaks  of  the  Himalayas  would  rise  above  it.  It  may  be 
readily  seen  that  hights  of  mountains  maybe  measured  approxi- 
mately by  the  aid  of  a  harometvi't 


COMPRESSIBILITY    AND    EXl'A^'SIlilLlTV.  5o 

QUESTIONS. 

1.  A  person  on  the  top  of  Mt.  Blanc  would  take  in  what  portion  of 
the  air,  on  expanding-  his  hings  to  a  certain  extent,  that  he  would  at 
the  bottom  ? 

2.  How  would  this  affect  breathing,  considering  that  a  person  re- 
quires a  definite  amount  of  air  in  a  given  time,  in  order  to  sustain 
life? 

3.  A  person  ascending  6  miles  in  a  Ijalloon  leaves  what  proportional 
part  of  the  whole  mass  of  air  below  him  ? 

4.  When  the  barometric  column  stands  at  492™"",  what  is  the  atmos- 
pheric pressure  in  grams  per  square  centimeter  ? 

5.  A  barometer  carried  into  a  mine  stands  at  9S2">"i ;  what  is  the 
atmospheric  pressure  in  the  mine  ? 

§  48.  Compressibility  and  expansibility  of  gases.  — The 
increase  of  pressure  attending  the  increase  in  depth,  in  both 
liquids  and  gases,  is  readily  explained  by  the  fact  that  the  lower 
hiyers  of  fluids  sustain  the  weight  of  all  the  layers  above.  Con- 
sequently, if  the  bod}'  of  fluid  is  of  uniform  density,  as  is  very 
nearly  the  case  in  liquids,  the  pressure  «will  increase  in  nearly 
the  same  ratio  as  the  depth  increases.  But  the  aerial  ocean  is 
far  from  being  of  uniform  density,  in  consequence  of  the  extreme 
compressibility  of  gaseous  matter.  The  contrast  between  water 
and  air,  in  this  respect,  may  be  seen  in  the  fact  that  water,  sub- 
jected to  a  pressure  of  one  atmosphere,  contracts  .0000457  of 
its  volume  ;  under  the  same  circumstances,  air  contracts  one- 
lialf.  For  most  practical  purposes,  we  may  regard  the  density 
of  water  at  all  depths  as  uniform,  while  it  is  far  otherwise  in 
large  masses  of  gases. 

The  pressure  at  different  depths  in  liquids  may  be  illustrated 
by  piling  several  bricks  one  on  another,  when  the  pressures  that 
diflferent  bricks  sustain  vary  directly  with  their  depths  below 
the  upper  surface  of  the  pile.  On  the  other  hand,  pressure  of 
gases  at  different  depths  may  be  illustrated  by  piling  fleeces  of 
wool  one  on  another.  Since  the  volume  of  each  successive 
fleece  varies  with  the  weight  it  bears,  the  pressures  which  differ- 
ent fleeces  sustain  are  not  proportional  to  their  respective  depths 
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below  the  upper  surface  of  the  pile.  At  twice  the  depth, 
there  would  be  much  more  than  twice  the  pressure,  because 
the  lower  point  would  sustain  more  than  twice  the  number  of 
fleeces. 

Closely  allied  to  compressibility  is  the  elasticity  of  gases,  or 
their  power  to  recover  their  former  volume  after  compression. 
The  elasticity  of  all  fluids  is  perfect.  By  this  is  meant,  that  the 
force  exerted  in  expansion  is  alwa^'s  equal  to  the  force  used  in 
compression  ;  and  that,  however  much  a  fluid  is  compressed,  it 
will  always  completely  regain  its  former  bulk  when  the  pressure 
is  removed.  Liquids  are  perfectly  elastic ;  but,  inasmuch  as 
they  are  perceptibly  compressed  only  under  tremendous  pres- 
sure, they  are  regarded  as  practically  incompressible,  and  so  it  is 
rarely  necessary  to  consider  their  elasticity.  It  has  already  been 
stated  that  matter  in  a  gaseous  state  expands  indefinitely, 
unless  restrained  by  external  force.  The  atmosphere  is  confined 
to  the  earth  by  the  force  of  gravity. 

Experiment.       PartiallV    fill    an     india-rubber     balloon    with    air 

and  tightly  close   it.       What  is   the    external    force    that    prevents 

tlie   air   in   the   balloon   from  expanding  and 

completely   inflating  the   balloon?      Place   it 

under    the    glass   receiver   of    an    air-pump 

(Fig.   32),   and   exhaust  the    air.      What   is 

the  result?  Why?  Before  it  is  placed  under 
the  receiver,  the  balloon 
sustains  a  pressure  of  15 
pounds  on  every  square 
inch.  What  prevents  a  col- 
lapse under  this  pressure  ? 
Inasmuch  as  the  balloon 
siiows  no  signs  of  disten- 
tion,    or     collapse,     until 

placed  under  the  receiver,  it  would  seem  that  this 
great  outward  pressure  is  exactly  balanced  by  tlie 
tension  of  the  air  within. 

Glass-blowers  prepare  thin  glass  bottles  (Fig.  33) 

for  the  purpose  of  illustrating  tlie  tension  of  air.     Containing  air  of 

ordinary  density,  they  are  sealed  and  placed  under  the  receiver  of  an 


Fig.  32. 


Fiff.  33. 
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air-pump;  the  surrounding:  air  (in  other  words,  *he  outside  pressure)  is 
removed,  and  the  enclosed  air  then  bursts  the  bottles,  throwing  frag- 
ments of  glass  in  all  directions. 

At  every  point,  then,  in  a  body  of  air,  force?  are  acting  out- 
wards. Tlie  air  is  somewhat  like  a  spring  coiled  up,  and  ready 
to  relax  itself,  when  opportunity  is  given.  Since  this  elastic 
force  at  the  bottom  of  the  column  exactly  balances  the  force  of 
gravity-  acting  on  the  whole  column,  i.e.,  equals  the  weight  of  the 
whole  column,  it  follows  that,  at  the  sea-level,  the  elastic  force 
of  air  is  ordinarily  P  per  square  centimeter. 

§  49.  Air-pump.  —  The  air-pump,  as  its  name  implies,  is 
used  to  withdraw  air  from  a  c-losed  vessel.     Figure  34  will  serve 

to  illustrate  its  oper- 
ation. R  is  a  glass 
receiver  from  which 
air  is  to  be  exhausted. 
B  is  a  hollow  cylin- 
der of  brass,  called 
tlie  pump-barrel.  A 
plug  P,  called  a  pis- 
ton, is  fitted  to  the 
interior  of  the  barrel, 
and  can  be  moved 
up  and  down  by  the 
handle  H  ;  s  and  < 
are  valves.  A  valve 
acts  on  the  principle 
of  a  door  intended  to  open  or  close  a  passage.  If  you  walk 
against  a  door  on  one  side,  it  opens  and  allows  you  to  pass  ;  but 
if  you  walk  against  it  on  the  other  side,  it  closes  the  passage, 
and  stops  your  progress.  Suppose  the  piston  to  be  in  the  act 
of  descending.  The  compression  of  the  air  in  B  closes  the  valve 
t,  and  opens  the  valve  s,  and  the  enclosed  air  escapes.  After 
the  piston  reaches  the  bottom  of  the  barrel,  it  begins  its  ascent ; 
when    the   air   above  the  piston,  in   attempting  to    rush   down 
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to  fill  the  vacuum  that  is  formed  between  the  bottom  of  the 
barrel  and  the  piston,  closes  the  valve  s.  But  as  soon  as  a 
vacuum  is  foi-med  above  t,  and  the  downward  pressure  on  the 
valve  removed,  the  air  in  R  expands,  opens  the  valve  t,  and  fills 
the  space  in  B  that  would  otherwise  be  a  vacuum.  But,  as  the 
air  in  11  expands,  it  becomes  rarefied  ;  and,  as  there  is  less  air, 
so  there  is  less  tension.  The  external  pressure  of  the  air  on  R, 
being  no  longer  balanced  by  the  tension  of  the  air  within,  presses 
the  receiver  firml}'  upon  the  plate  L.  'Each  repetition  of  a 
double  stroke  of  the  piston  removes  a  portion  of  the  air  remain- 
ing in  R.  The  air  is  removed  from  R  b}-  its  own  expansion. 
However  far  the  process  of  exliaustion  may  Ije  carried,  the 
receiver  will  always  be  filled  with  air,  although  it  ma}'  be  exceed- 
ingl}^  rarefied.  The  operation  of  exhaustion  is  practically  ended 
when  the  tension  of  the  air  in  R  becomes  too  feeble  to  lift  the 
valve  t. 

D  IS  another  receiver,  opening  into  the  tube  T,  that  connects 
the  receiver  with  the  barrel.  Inside  the  receiver  is  placed  a 
barometer.  It  is  apparent  that  air  is  exhausted  from  D  as  well 
as  from  R;  and,  as  the  pressure  is  removed  from  the  surface  of 
the  mercury  in  the  cup,  the  barometric  colunm  falls  ;  so  that 
the  barometer  serves  as  a  gauge  to  indicate  the  approximation 
to  a  vacuum.  For  instance,  when  the  mercury  has  fallen  380""" 
(15  inches),  one-half  of  the  air  has  been  removed. 

QUESTIONS. 

1.  Why  is  it  difficult  for  a  person  to  lift  the  receiver  from  the  pump 
after  the  air  is  exhausted  from  it  ? 

2.  Why  is  it  easily  raised  before  the  air  is  exhausted  ? 

3.  Suppose  that  the  air  in  the  |)ump-I)arrel,  when  tlie  piston  is  raised, 
is  one-eighth  of  all  the  air  in  the  pump,  including  the  air  in  the  receiv- 
ers; what  portion  of  the  air  is  removed  l)y  the  lirst  double  stroke? 

4.  What  portion  of  the  original  amount  of  air  is  removed  at  the 
second  double  stroke  ? 

6.    Which  double  stroke  removes  the  most  air? 

6.  If  there  were  no  force  re(iuireil  to  lilt  tiie  valve  C,  why  could  not 
a  perfect  vacuum  be  oljtained  ? 
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Fig.  35. 


7.  It  is  a  verj'  good  pump  that  reduces  the  hight  of  the  mercurial 
column  to  3'"™.  What  portion  of  the  air  has  been  removed  in  that 
case  ? 

An  absolute  vacuum  has  never  been  attained.  The  difficult}' 
may  be  readily  understood.     According  to  the  most  recent  ctd- 

culations,  the  numbei"  of  molecules 
contained  in  a  cubic  centimeter 
of  air  of  ordinary  density  is  some- 
thing hke  21,000,000,000,000,- 
000,000  (twenty-one  million  tril- 
lion) ;  consequently,  when  it  is 
reduced  to  one-millionth  its  us- 
ual density,  21.000,000,000,000 
(twent3'-one  trillion)  molecules 
are  still  left.  The  exhaustion 
may  be  carried  much  farther  than 
by  purel}'  mechanical  means,  by 
heating  a  piece  of  chai'coal  in 
the  receiver  while  the  pumping  is 
going  on.  Heat  expels  the  air 
in  its  pores.  After  the  pump- 
ing has  ceased,  the  charcoal 
is  allowed  to  cool,  when  it 
condenses  a  large  portion  of 
the  remaining  air  in  its  pores. 
(See  §   37.) 

A  very  cheap  an;l  efficient  sub- 
stitute for  an  air-pump  for  many  purposes  may  be  arranged  as 
in  Figure  35,  in  which  a  is  an  elevated  tank  of  water  having  a 
faucet  b  by  which  the  rapidity  of  the  flow  of  water  may  be  regu- 
lated. The  tube  c  should  be  as  long  as  the  hight  of  the  room 
will  admit,  and  its  lower  end  should  dip  into  a  cup  of  water  d. 
To  the  end  of  the  branch-pipe  e  there  may  be  connected,  by 
means  of  rubber  tubing  /i,  a  glass  tube  leading  to  a  vessel  g,  from 
^hich  air  is  to  be  exhausted.     Water  falling  freely  through  a, 
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vertical  tube  exerts  no  lateral  pressure  ;  consequently  there  is 
no  tendency-  to  enter  the  branch  e.  As  the  water  in  falling 
increases  in  velocity,  it  tends  to  separate,  leaving  between  the 
cylinders  of  water  vacuous  spaces.  The  lower  end  of  the  pipe  c 
being  immersed  in  water,  air  cannot  enter  there  ;  ^ig.  36. 

but  the  air  in  the  receiver  g  expands  and  rushes 
throuo-h  the  tube  e,  to  fill  these  vacua,  and  thus 
exhaustion  is  effected.  In  Sprengel's  air-pump 
mercury  is  suljstituted  for  water,  and  air  is  reduced 
by  it  to  less  than  one-milliouth  its  usual  density. 


Experiment  1.  Take  a  glass  tube  (Fig.  36),  having 
a  bulb  blown  at  one  end.  Nearly  fill  it  with  water,  so 
tliat  when  inverted  there  wall  be  only  a  bubble  of  air  iu 
th'e  bulb.  Insert  the  open  end  iu  a  glass  of  water,  place  under  a 
receiver,  and  exhaust.  What  happens?  Why?  What  will  happen 
when   the   air   is  admitted   to  the  receiver? 

Experiment  2.  Through  a  cork  of  a  tightly-stopped  bottle  pass  one 
arm  of  a  U-shaped  glass  tube  C  (Fig.  37). 
Introduce  the  other  arm  into  the  empty  Fipr.  37. 

vessel  B.  Place  the  whole  under  a  glass 
receiver,  and  exhaust  the  au'.  What  phe- 
nomena will  occur?  What  will  happen 
when  air  is  admitted  to  the  receiver? 

§  50.  Mariotte's  Law.  —  The 
experiment  illustrated  by  Figure  32 
showed  that  the  volume  of  a  given 
body  of  gas  depends  upon  the  pres- 
sure to  whieli  it  is  sulijected.  To 
find  more  exactly  the  relation  between  these  quantities,  proceed 
as  follows  :  — 


Experiment  1.  Take  a  bent  glass  tube  (Fig.  38),  the  short  arm 
being  closed,  and  the  long  arm,  which  should  be  at  least  SS""  long, 
b(>ing  open  at  the  top.  Pour  mercury  into  the  tube  till  the  surfaces  iu 
the  two  arms  stand  at  zero.  Now  tlie  surface  in  the  long  arm  supports 
the  weight  of  an  atmosphere.     Therefore  the  tension  of  the  air  en- 
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closed  in  the  short  arm,  which  exactly  balances  it,  must  be  about  15 
pounds  to  the  square  inch.  Next  pour  mercury  into  the  long  arm  till  the 
surface  in  the  short  arm  reaches  5,  or  till  the  volume  of  air  enclosed  is 
reduced  one-half,  when  it  will  be  found  that  the  hight  of  the  column  A  C 
is  just  equal  to  the  hight  of  the  barometric  column 
at  the  time  the  experiment  is  performed.  It  now 
appears  that  the  tension  of  the  air  in  A  B  balances 
the  atmospheric  pressure, plvs  a  column  of  mercury 
A  C,  which  is  equal  to  another  atmosphere;  .•.  the 
tension  of  the  air  in  A  B  =  two  atmospheres.  But 
the  air  has  been  compressed  into  half  the  space  it 
formerly  occupied,  and  is,  consequently,  twice  as 
dense.  If  the  Icugth  and  strength  of  the  tube 
would  admi-t  of  a  column  of  mercury  above  the 
surface  in  the  short  arm  equal  to  twice  A  C,  the 
air  would  be  compressed  into 
one-third  its  original  bulk;  and, 
inasmuch  as  it  would  balance  a 
pressure  of  three  atmospheres,  its 
tension  would  be  increased  three- 
fold. 

Experiment  2.  Next  take  a 
glass  tube  (Fig.  39)  open  at  both 
ends,  and  about  24  inches  long. 
Tie  three  strings  around  the  tube, 
—  one  3  inches  from  the  top, 
another  G  inches,  and  the  third  21 
inches.  Nearly  All  a  glass  jar,  B, 
25  inches  high  with  mercury. 
Lower  the  tube  into  the  mercury 
till  it  reaches  the  string  at  3. 
Press  a  finger  firmly  over  the  up- 
per end,  and  raise  the  tube  till  the 
string  at  21  is  on  a  level  with  the  surface  of  the  mer- 
cury in  the  jar.  The  mercury  in  the  tube  will  stand  at 
6.  At  first  the  air  enclosed  in  the  tube  between  3  and 
the  finger  withstands  an  upward  pressure  of  the  mer- 
cuiy  sufficient  to  sustain  a  column  of  mercury  30  inches  high,  or  one 
atmosphere.  When  the  tube  is  raised  and  the  mercury  stands  at  6,  15 
inches  high,  one-half  of  that  upward  pressure  is  exerted  in  sustaining 
the  15  inches  of  mercury,  and  the  other  half  is  exerted  on  the  enclosed 
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air.  But  the  pressure  on  the  air  is  reduced  one-half,  while  the  volume 
Is  doubled.  The  results  of  the  two  sets  of  experiments  may  be  tabu- 
lated as  follows  :  — 

Pressure |,  ^,  1,  2,  3,  4,  &c. 

Volume 3,  2,  1,  ^,,  ^,  h  &c. 

Density J,  ^,,  1,  2,  3,  4,  &c. 

Elastic  force i  2.  1,  2,  3,  4,  &c. 

From  these  results  we  learn  that,  at  twice  the  pressure  there 
is  half  the  volume,  while  the  density  and  elastic  force  are 
doubled.  At  half  the  pressure  the  volume  is  doubled,  and 
the  density  and  elastic  force  are  reduced  one-half.  Hence  the 
law  :  The  volume  of  a  bod>/  of  gas  varies  inversely  as  the  pres- 
sure, density,  or  elastic  force.  This  is  sometimes  called  Mariotte's, 
and  sometimes  Boyle's,  law,  from  the  names  of  the  two  men 
who  discovered  it  at  about  the  same  time.  This  law  is  true  for 
all  gases  within  certain  limits,  but  under  extreme  pressure  the 
reduction  in  volume  is  greater  than  indicated  by  it.  The  greatest 
deviation  from  it  occurs  with  those  gases  that  are  most  easily 

liquefied. 

QUESTIONS. 

1.   Into  the  neck  of  a  bottle  partly  filled  with  water  (Fij;.  40),  in- 
sert a  cork  very  tightly,  throtiiili  which  passes  a  glass 
Fiff.  40.  tube  nearly  to  the  bottom  of  the  bottle.     Blow  forci- 

bly into  the  bottle.     On  removing  the  mouth,  water 
will  flow  through  the  tube  in  a  stream.     Wiiy? 

2.  IIow  can  an  ounce  of  aii", 
in  a  closed  fragile  vessel,  sus- 
tain the  outside  pressure  of 
the  atmosphere,  amounting  to 
several  tons? 

3.  What  drives  the  pellets 
from  a  pop-gun  ? 

4.  I'igurc  41  represents  a 
dropping-bottle,  mnch  used  in 
chemical  laboratories.  Why 
do  bubbles  of  air  force  their 
way  down  into  the  liquid? 

5.  Stop  the  upper  orifice,  and  the  liquid  will  quickly  cease  to  drop. 
Why? 
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Fig.  42. 


Fig.  43. 


6.  The  iuconvenience  arising,  in  many  culinary  and  laboratory  oper- 
ations, from  water  "  boiliug  away,"  may  be  remedied  as  represented  in 
Figure  42.  A  bottle  tilled  with  water  is  so  suspended  that  its  mouth 
is  just  below  the  surface  of  the  boiling  liquid.  As 
the  water  evaporates,  and  its  surface  falls  below  the 
mouth  of  the  bottle,  au  air-bubble  enters  the  bottle, 
expands,  and  pushes  out  enough  water  to  cover  once 
more  the  mouth  of  the  bottle.  Wiiy  does  not  the  air 
push  out  all  the  water  from  the  bottle? 

7.  Figure  43  represents  a  weight-lifter.  Into  a 
Iiollow  cylinder  s  is  fitted  air-tight  a  piston  t.  The 
cylinder  is  connected  with  au  air-pump  by  a  rubber 
tube  u.  When  air  is  exhausted  the  piston  rises,  lift- 
ing the  heavy  weight  attached  to  it.     Whyi' 

8.  If  the  area  of  the  lower  surface  of  the  piston  is 
20'i"",  how  heavy  a  weight  ought  to  be  lifted  when 
the  air  is  oue-half  exhausted  ? 

9.  Suppose  you  tightly  stopper  a  bottle  at  the  top  of  Mont  Blanc,  car- 
ry it  to  the  sea-leveJ. 
insert  the  mouth  of 
the  bottle  in  water, 
and  withdraw  the 
stopper ;  what  would 
happen  ? 

10.  Show  that  the 
labor  of  working  the 
kind  of  air-pump  de- 
scribed (§  49) increas- 
es as  the  exhaustion 
progresses. 

§  51.  Condenser. 
—  In  the  oxperi- 
inent  with  the  bottle 
(Fig.  40),  air  was 
condensed  in  the 
month  l\v  muscular 
contraction,  and  forced  into  the  bottle.  An  apparatus  A  (Fig. 
44),  intended  to  condense  air  in  a  closed  vsssel,  is  called  a 
condenser.     Its  construction   is  like   that  of  the  barrel  of  the 


64 


DYNAMICS. 


air-pump,  except  that  the  position  of  the  valves  is  reversed. 
(Compare  with  Fig.  34.)  Wliat  dirtereuces  do  you  notice  in 
respect  to   the   valves?     What   happens   to  Fi?. 44. 

the  valves  when  the  piston  in  the  condenser 
is  forced  down?  If  the  condenser  is  con- 
nected with  a  closed  vessel  B,  how  much 
air  would  be  forced  into  it  at  one  down 
stroke?  What  prevents  the  air  from  es- 
caping during  an  up  stroke?  If,  after  air  is 
condensed  in  B,  the  cylinder  C  is  connected 
with  it  b3'  a  screw,  and  the  stop-cock  t  is 
suddenly  turned,  what  would  happen  to  the 
bullet  s  ?  Wliat  name  would  you  give  to  such 
an  apparatus? 

The  Western  Ufiion  Telegraph  Compan.v,  in 
New  York  City,  employs  atuiosplieric  i)re.ssure  in 
forwarding  messages  to  its  central  ottice  from 
the  various  telegraph  stations  in  that  city.  Tubes  of  uniform  size,  free 
from  sudden  curvatures,  and  laid  under  ground,  connect  the  branch 
oflices  with  headquarters.  Rolls  of  paper,  or  letters  to  be  des- 
patched, are  deposited  in  a  cylindrical  box  c  (Fig.  45),  which 
fits  the  interior  of  the  tube.     The  box  being  dropped  into  the 

end  of  the  tube 
at  fl,  and  the  air 
being  exhausted 
from  the  tube  at 
the  end  b,  by 
means  of  an  air- 
pump  worked  by 
steam,  air  rushes 
in  at  0  and  pushes 


the  box  liiruiigh  the  tube  with  a  force  of  several  pounds  for  every  square 
inch  of  the  end  of  the  box.  The  operation  is  still  further  facilitated 
by  the  aid  of  a  condensing-punip  worked  by  steam  at  the  end  a. 


Fig.  45. 


§  52.  Pressure  transmitted  undiminished  in  all  direc- 
tions. —  Fill  tlic  globe  G  (Fig.  4G),  and  about  one-fiftli  the  cylin- 
der C,  with  water.    The  water  in  the  tubes  a,  6,  c,  and  (/,  will  rise 
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to  the  same  level  with  the  water  in  the  cylinder  C.  Now  force 
the  piston  P  into  tha  C3linder,  and  the  downward  pressure  will 
cause  jets  of  water  to  issue  from  each  of  the  tubes.  But  the 
streams  from  the  tubes  a,  6,  and  c,  rise  to  exactly  the  same 
hight  that  the  stream  from  the  tube  d  does,  although  the  liquid 

in  the  latter  tube  re- 
ceives the  direct  ac- 
tion of  the  downward 
force.  It  thus  appears 
tliat  the  pressure  is  not 
felt  alone  by  that  por- 
tion of  the  liquid  that 
lies  in  the  path  of  the 
force,  but  is  felt  equally 
in  all  parts  and  in  all 
directions. 

If  the  globe  is  filled 
with  air,  and  subjected 
to  pressure  as  above, 
currents  of  air  will  is- 
sue from  the  several 
tubes  with  equal  force. 
This  property  of  trans- 
mitting pressure  equal- 
ly' in  all  directions, 
which  is  peculiar  to  fluids,  is  due  to  their  mobility  and  perfect 
elasticity. 

Figure  47  represents  a  number  of  elastic  hoops  enclosed  ia 
the  vessel  ABCD.  A  weight,  placed  on  a,  communicates  to 
it  a  downward  pressure.  It  is  evident,  that  not  only  is  the 
pressure  communicated  to  the  hoops  below  it  in  succession,  and 
finally  to  the  bottom  of  the  box,  but  there  is  also  a  lateral  pres- 
sure due  to  the  elastic  property  of  the  hoops.  The  hoop  c, 
receiving  pressure  from  b,  above,  reacts,  exerting  an  upward 
pressure  ;  it  also  presses  laterally  upon  the  side  A,  and  the  hoop 
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n,  and  downward  upon  d ;  d  and  n  in  turn  transmit  pressure  to 
their  adjacent  hoops,  and  thus  every  hoop  receives  and  trans- 
mits, upward,  downward,  and 
hiterally,  a  force  equal  to  the 
downward  pressure  of  the  weight 
W.  Hence  that  portion  of  the 
l)ottom  immediately  under  the 
weight  receives  no  greater  pres- 
sure from  W  than  an  equal  area 
of  any  other  part  of  the  bottom, 
or  than  an  equal  area  of  either 
of  the  sides,  A  and  B,  or  the  top 
C.  This  operation  illustrates, 
somewhat  imperfectly,  the  meth- 
od by  which  elastic  fluids  trans- 
mit pressure  undiminished  in  all 
directions. 

If  we  take  a  quantity  of  wiiter 
in  a  vessel  A  (Fig.  48),  shut 
in  by  tv^o  pistons,  a  and  6,  whose  areas  are  respectively 
jgqcm  j^jj(-|  4.1011.^  jj^j^^l  place  a  10-gram  weight  on  the  platform  d, 
and  an  equal  weight  on  tlie  platform  c,  it  will  be  found  that 
the  latter  is  not  sufncient  to  balance  the 
former,  but  that  it  w-ill  require  a  40-gram 
weight  placed  on  c  to  preserve  equilibrium. 
But  the  area  of  the  piston  b  is  4''"",  while 
the  piston  a  contains  four  such  areas ; 
hence  it  follows  that  a  pressure  of  10°  is 
transmitted  to  each  of  the  4'"'"'  of  a,  and  just 
ssupports  the  40-gram  weight.  Had  the  area 
of  the  piston  b  been  l**'"',  then  the  10-gram 
weight  placed  on  it  would  require  a  160-gram 
weight  placed  on  a  to  balance  it;  that  is,  a  pressure  of  10^ 
would  be  exerted  on  every  square  centimeter  of  a. 

Obviously  tliis  form  ol  apparatus  caimot  be  made  to  work  well  on 
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account  of  the  friction  of  the  pistons ;  but  we  may  substitute  for 
the  pistons  and  welglits  columns  of  liquids.  For  instance,  let  the 
connecting  tube  and  the  lower  part  of  the  barrels  be  filled  with  mer- 
cury; the  two  free  surfaces  will  be  at  the  same  level.  Now  if  10? 
of  any  liquid,  e.g.  water,  is  poured  into  b,  the  level  of  the  mercury 
will  be  changed;  and,  to  bring  it  back  to  its  original  level,  40s  of  some 
liquid  must  be  poured  into  a. 

We  conclude,  therefore,  that  a  pressure  exerted  on  a  given 
area  of  a  fluid  enclosed  in  a  vessel  is .  transmitted  to  every  equal 
area  of  the  interior  of  the  vessel ;  and  that  the  whole  pressure  that 
may  he  exerted  upon  the  vessel  may  be  increased  in  irroportion  as 
the  area  of  the  part  subjected  to  externcd  pressure  is  decreased. 


§  53.   Hydrostatic  bellows.  —  This  principle  is  well  illus- 
trated by  means  of  the  hydrostatic  bellou-s.     Two  boards,  b  and 
Pi    49  c  (Fig.  49) ,  each  having  an  area  of  (sa}') 

4QQqem^  arc  SO  connected,  by  leather  at- 
tached to  their  edges,  as  to  form  an  air- 
tight vessel  called  the  bellows.  A  glass 
tube  o,  having  a  bore  of  l'"^"'  section, 
communicates  with  the  interior  of  the  bel- 
lows. Let  water  be  poured  into  the  tube 
a  till  the  board  b  is  raised  a  few  centime- 
ters. The  water  will  stand  at  the  same 
hight  in  the  tube  and  bellows.  Now,  if 
50^  of  water  be  poured  into  the  tube,  it 
will  require  a  weight  of  20,000°  to  be 
placed  upon  b  to  prevent  its  rising.  Any 
weight  less  than  that  will  be  raised  b}' 
the  50=  of  water.  If,  'nstead  of  water  being  introduced  into  the 
bellows,  a  person  stand  on  6,  and  blow  into  the  tube,  he  can 
easily  raise  himself  by  the  force  of  his  breath. 

§  54.  Hydrostatic  press.  —  Closely  allied  to  the  bellows  is 
the  hydrostatic  press,  sometimes  called  Bramah's  press  from  the 
name  of  the  inventor.     You  see  two  pistons,  t  and  «,  Figure  oQ- 
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The  area  of  the  lower  surface  of  t  is  (sa}-)  one  hundred  times 
that  of  the  lower  surface  of  s.  As  the  piston  s  is  raised  and 
depressed,  water  is  pumped  up  from  the  cistern  A,  forced  into 
the  cylinder  cc,  and  exerts 
an  upward  pressure 
against  the  piston  t  one 
hundred  times  greater 
than  the  downward  pres- 
sure exerted  upon  s. 
Thus,  if  a  pressure  of  one 
hundred  pounds  is  applied 
at  s,  the  cotton  bales  will 
be  subjected  to  a  pressure 
of  five  tons. 

The  pressure  that  ma}- 
be  exerted  by  these  press- 
es is  enormous.  The  hand 
of  a  child  can  break  a 
strong  iron  bar.  But  observe  that,  although  the  pressure  ex- 
erted is  ver}'  great,  the  upward  movement  of  the  piston  t  is 
very  slow.  In  order  that  the  piston  t  may  rise  l*^"",  the  piston  s 
must  descend  100'=".  The  disadvantage  arising  from  slowness  of 
operation  is  little  thought  of,  however,  when  we  consider  the 
great  advantage  accruing  from  the  fact  that  one  man  can  pro- 
duce as  great  a  pressure  with  the  press  as  a  hundred  men  can 
exert  without  it. 

The  press  is  used  for  compressing  cotton,  hay,  etc.,  into  bales, 
and  for  extracting  oil  from  seeds.  The  modern  engineer  finds 
it  a  most  efficient  machine,  whenever  great  weights  are  to  be 
moved  through  short  distances,  as  in  launching  the  Great  East- 
ern steamship. 


Having  con- 


§  55.   Pressure  in  fluids  due  to  gravity, 
sidered  the  transmission  to  the  walls  of  the  containing  vessel,  of 
external  pressure  applied  to  any  portion  of  a  surface  of  a  liquid, 
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we  will  examine  the  effects  of  pressure  due  to  the  weight  of  the 
liquids  themselves.     Suppose  that  we  have  three  vessels  filled 

with  water,  A,  B, 
andC  (Fig.  51),  of 
equal  depth,  and 
having  bottoms  of 
equal  areas.  It  is 
plain  that  the  bot- 
tom of  vessel  A  sus- 
tains a  pressure  equal  to  the  weight  of  the  column  of  water 
abed,  or  just  the  weight  of  the  water  in  the  vessel.  The  pres- 
sure on  /y,  a  portion  of  the  bottom  of  vessel  B,  is  equal  to  the 
weight  of  a  column  of  water  ghji.  But  this  pressure  is  trans- 
mitted undiminished  to  the  surface  fh ;  consequentl}-,  the 
pressure  on  fh  is  equal  to  the  weight  of  a  column  of  water  of 
the  size  of  efhg,  and  the  pressure  on  jl  is  equal  to  the  weight  of 
a  column  ijlJi.  Hence  the  pressure  on  the  whole  bottom  fl  is 
equal  to  the  pressure  of  a  column  of  water  eflk,  or  the  same 
as  the  pressure  on  the  bottom  of  vessel  A.  But  the  weight  of 
the  water  in  B  is  less  than  the  weight  of  the  water  in  A.  Hence, 
(1)  the  pressure  on  the  bottom  of  a  vessel  may  be  greater  than  the 
weight  of  the  water  in  the  vessel. 

In  vessel  C,  the  side  mq  sustains  the  downward  pressure  of 
the  bod}-  of  water  mqn  ;  and  the  side  pr  sustains  the  pressure  of 
the  body  orp ;  while  the  bottom  qr  sustains  only  the  pressure 
of  the  column  nqro^  which  is  equal  to  the  pressure  on  the  bot- 
toms of  each  of  the  vessels,  A  and  B.  Hence,  (2)  the  pressure 
on  the  bottom  of  a  vessel  may  be  less  than  the  weight  of  the  water 
in  the  vessel. 

We  conclude,  therefore,  that  (3)  the  pressure  on  the  bottom 
of  a  vessel  depends  on  the  depth  and  area  of  the  bottom  and 
the  density  of  the  liquid.,  and  is  independent  of  the  shape  of  the 
vessel  and  the  quantity  of  liquid.  —  The  important  fact  that  the 
pressure  on  the  bottom  does  not  depend  on  the  shape  of  the 
vessel  is  often  called  the  hydrostatic  paradox,  because,  though 
true,  it  seems  at  firist  absurd. 
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Experiment.  The  last  conclusion  may  be  verified  with  apparatus 
like  that  represented  in  Figure  52.     Vessels  A,  B,  and  C  have  different 
capacities,  but  equal  depths,  and  the  disk  d  is  to  serve  successively 
for  the  bottom  of 
each.    Each  vessel, 
when  in  use,  is  sup- 
ported by  the  tripod 
fi.     The  disk  is  sup- 
ported and  pressed 
up  strongly  against 
the  bottom  of  the 
vessel  by  means  of 
a  string  passing  up 
through  the  vessel, 
and  attached  to  a 
spring-balance.  Let 
water  be  poured  in- 
to vessel  C,  and  reg- 
ulate at  pleasure  the 
amount    of    down- 
ward pressure  nec- 
essary to  push  the 
bottom  off  and   al- 
low   the  water    to 
escape.      Note   the 
depth    of    water 
when  the  bottom  is 
forced  off,  and  mark  the  level  of  the  surface  with  the  pointer/.     Also 
note  the  pressure  indicated  by  the  index  of  the  balance.     Substitute 
vessel  A  for  vessel  C.     Pour  the  water  caught  in  the  basin  g,  in  the. 
last  experiment,  into  vessel  A,  till  it  reaches  the  pointer  /,  when  the 
bottom  will  be  forced  off  at  the  same  depth  as  before,  as  shown  by  the 
pointer,  and  by  the  same  pressure,  as  shown  l)y  the  spring-balance. 
But  much  less  water  is  required  than  was  used  with  the  vessel  C.     The 
experiment,  repeated  with  vessel  B,  will  give  the  same  results  with  the 
ase  of  a  still  less  quantity  of  water. 

(4)  TJie  pressure  due  to  gravity  on  any  portion  of  the  bottom 
of  a  vessel  is  equal  to  the  weight  of  a  column  of  that  liquid  ivhose 
base  is  the  area  of  that  portion  of  the  bottom  pressed  upon,  and 
whose  hight  is  the  greatest  depth  of  the  water  in  the  vessel.     Thus, 
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suppose  the  area  of  /y,  of  the  bottom  of  vessel  B  (Fig.  51),  is 
100'^'^'",  and  the  depth  gli  is  9""  ;  then  the  cohimu  ghji  contains 
gQQccm^  And,  since  the  weight  of  one  cubic  centimeter  of  water 
is  one  gram,  the  weight  of  the  cohimu  is  'J00=,  which  is  the 
pressure  ou  the  surface  lij ;  and  the  pressure  on  each  of  the 
equal  surfaces  fit  and  jl  being  the  same  as  on  /y,  the  pressure 
on  the  entire  bottom  is  27U(>'. 

Evidently  the  lateral  pressure  at  any  point  of  the  side  of  a 
vessel  depends  upon  the  depth  of  that  point ;  and,  as  depth 
at  ditferent  points  of  a  side  varies,  hence,  (.3)  to  find  the  pres- 
sure upon  any  portion  of  a  side  of  a  vessel,  we  find  the  iceight  of 
a  column  of  ivater  whose  base  is  the  area  of  that  portion  of  the 
side,  and  whose  hight  is  the  average  depth  of  that  portion.  Thus, 
we  compute  the  pressure  on  the  side  ab  of  vessel  A  (Fig.  51), 
In'  multiplying  the  area  of  the  side  DO'*'^"'  (dimensions,  9  x  10""), 
by  the  depth  to  the  middle  point  x,  4^™,  and  this  by  the  weight 
of  V™  of  water,  which  gives  405^  for  the  pressure  on  the  side 
ab. 


QUESTIONS   AND    PROBLEMS. 

1.  It  is  apparent  that  a  dam  (Fig.  53),  to  be  equally  capable  of 
resistiug  pressure  iu  all  its  parts,  should  be  made  thicker  towards  the 

bottom.     How  rapidly  should  its  thickness 

Fi"    53  •  o 

"•  ^-  uicrease  ? 

2.  At  high  tide,  suppose  the  flood-gate  of 
a  dock  to  be  closed,  leaving  the  surface  of 
water  ou  the  inside  and  outside  of  the  gate 
at  the  same  level.  From  which  does  the  gate 
sustain  the  greater  pressure,  the  water  in 
the  dock,  or  the  ocean  of  water  outside  ? 
Why? 

3.  The  interior  dimensions  of  the  rectan- 
gular vessel  CFig.  54)  are  25="'  in  length,  20<=™  in  width,  and  15""  in 
depth.  The  vessel  is  full  of  water.  Compute  the  total  pressure  on 
each  of  the  six  sides. 

4.  Suppose  that  the  plug  n  (Fig.  54),  the  area  of  whose  end  is  41=™, 
is  pressed  down  upon  the  surface  of  the  water  with  the  force  of  lOOS; 
what  additional  pressure  will  each  side  of  the  vessel  sustain  ? 
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5.  How  great  will  be  the  Avhole  pressure  that  each  side  sustains, 
due  to  the  weight  of  the  liquid  and  the  external  pressure? 

6.  Suppose  mercury,  which  is  13.  G  times  heavier 
than  water,  to  be  employed  instead  of  water,  what 
would  be  the  answers  to  the  three  preceding  ques- 
tions? 

7.  Into  the  top  of  a  keg  filled  with  water,  a  brass 
tube  10'"  long  is  inserted,  a  transverse  section  of 
Avhose  bore  is  1<!<^™.  The  depth  of  the  water  in  the 
cask  is  SO*:™,  and  the  area  of  the  bottom  of  the  cask 

is  4oqcm  ((^)  Compute  the  pressure  on  the  bottom  of  the  keg. 
(b)  Compute  the  pressure  on  the  bottom  of  the  cask  if  the  tube  is  filled 
with  water,  (c)  What  is  the  weight  of  the  water  in  the  tube  that 
causes  this  extra  pressure? 

8.  What  crushing-force  on  each  side  would  an  empty  cubical  box, 
the  area  of  one  of  whose  sides  is  li™,  sustain,  if  lowered  li""  into  the 
sea? 

9.  What  crushing-force  on  each  side  would  this  box  sustain  from 
the  atmospheric  pressure  at  the  sea-level,  if  the  air  were  completely 
exhausted  therefrom? 

10.  Suppose  the  top  of  the  vessel  (Fig.  54)  to  be  the  weak  part  of 
the  vessel,  not  able  to  sustain  more  than  50s  pressure  on  101=™,  what 
pressure  applied  to  the  plug  will  burst  the  vessel? 

§  56.  The  surface  of  a  liquid  at  rest  is  level.  — 63-  jolt- 
ing a  vessel  the  surface  of  a  liquid  iu  it  may  be  made  to  assume 
the  form  seen  in  Figure  55.  Can  it  retain  this  form  ?  Take 
two  molecules  of  the  liquid  at  the  points  a 
and  b,  on  the  same  horizontal  level.  The 
downward  pressure  upon  a  is  the  weight  of 
a  column  of  molecules  ac,  and  tlie  downward 
pressure  upon  b  is  the  weight  of  the  cohmni 
bd.  Now,  since  the  pressure  at  a  given  depth 
is  equal  in  all  directions,  bd  and  nc  represent 
the  lateral  pressures  at  the  points  b  and  a  respectively.  But  bd 
is  greater  than  ac ;  hence,  the  molecules  a  and  6,  and  those  lying 
in  a  straight  line  between  them,  are  acted  upon  by  two  unecjual 
forces  in  opposite  directions.  There  will,  therefore,  be  a  move- 
ment of  molecules  in  the  direction  of  the  greater  force  toward 
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a,  till  there  is  equilibrium  of  forces,  which  will  only  occur  when 
the  points  a  and  b  are  eiiually  distant  from  the  surface  ;  or,  in 
other  words,  there  loill  be  no  rest  till  all  points  in  the  surface  are 
on  the  same  horizontal  level. 

This  fact  is  commouly  expressed  thus:  "Water  always  seeks  its 
lowest  level."  In  accordance  with  this  principle,  water  flows  down  an 
inclined  plane,  and  will  not  remain  heaped  up.  An  illustration  of  the 
application  of  this  principle,  on  a  large  scale,  is  found  in  the  method 
of  supplying  cities  with  water.  Figure  56  represents  a  modern  aque- 
duct, through  which  water  is  conveyed  from  an  elevated  pond  or  river 
rt,  beneath  a  river  b,  over  a  hill  c,  through  a  vallej'  d,  to  a  reservoir  e, 
in  a  city,  from  which  water  is  distributed  by  service-pipes  to  the  dwell- 

-  Fig.  56. 


ings.  The  pipe  is  tapped  at  different  points,  and  fountains  rise  theo- 
retically to  the  level  of  the  water  in  the  pond,  but  practically  not  so 
high,  on  account  of  the  resistance  of  the  air  and  the  check  which  the 
ascending  stream  receives  from  the  falling  drops.  Where  should  the 
pipes  be  made  stronger,  on  a  hill  or  in  a  valley?  Where  will  water 
issue  from  faucets  with  greater  force,  in  a  chamber  or  in  a  basement? 
How  high  may  water  be  drawn  from  the  pipe  in  the  house/? 

§  57.  Artesian  wells,  etc.  — In  most  places,  the  crust  of  the 
earth  is  composed  of  distinct  layers  of  earth  and  rock  of  various  kinds. 
These  layers  frequently  assume  concave  shapes,  so  as  to  resemble  cups 
placed  one  within  another.  Figure  57  represents  a  vertical  section 
exposing  a  few  of  the  surface-layers  of  the  earth's  crust :  «  is  a  stratum 
of  loose  sand  or  gravel;  h,  a  clay-bed;  c,  a  stratum  of  slate;  d,  a 
stratum  of  limestone ;  the  whole  resting  on  a  bed  of  granite  e.  If  you 
hollow  out  a  lump  of  clay,  and  pour  water  into  the  cavity,  you  will 
find  that  the  water  will  percolate  through  the  clay  very  slowly.  Water 
that  falls  in  rain  passes  readily  through  the  gravel  a,  till  it  reaches  the 
clay-bed  b,  where  it  collects.     Hence  a  well,  sunk  to  the  clay-bed,  will 
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fill  with  water  as  hiffh  as  the  water  stands  above  the  clay.  Water  also 
works  its  way  from  elevated  places  down  between  the  strata  of  rocks. 
If  a  hole  is  bored  through  the  slate  c,  water  will  rise  above  the  surface 
of  the  ground  in  a  fountain,  in  attempting  to  reach  tlie  level  of  its 
source  on  the  hill;  and  if  bored  still  lower,  through  the  stratum  cl,  a 
still  higher  fountain  may  result.  Such  borings  are  called  Artesian 
tceUs.  Water  frequently  forces  its  way  through  fissures  in  the  rocky 
strata  to  the  surface,  as  at  t,  and  gives  rise  to  springs. 


Fig.  59. 


§  58.  "Any  quantity  of  liquid,  however  small,  may  bal- 
ance any  quantity  of  liquid,  however  larg'e."  —  If  you  lead 
a  })ipe  through  a  dike  b}'  the  seashore,  and  curve  it  upward,  the 
water  will  rise  no  higher  than  the  sea-level,  even  though  the  pipe 
should  end  in  a  quill. 

Notwithstanding  that  every-day 
experience  teaches  that  "  liquids  seek 
a  level,"  it  may  seem  strange  that 
the  large  ([uantil}'  of  water  in  a 
teapot  is  balanced  b}-  the  small 
quantity  in  tlie  nozzle.  Why,  for 
instance,  should  the  liquid  in  the 
suiall  aim  IJ  balance  the  liquid  in 
the  large  arm  A,  of  the  vessel  in 
Fig.  58?  Imagine  the  liquid  in  A 
to  be  divided  into  columns  «,  &,  c,  and  d,  each  equal  to  the 
column   e.      It  is  clear   that  the  downward    pressure    of  any 
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one  of  the  columns  a,  6,  c,  d,  or  e,  will  balance  the  down- 
ward pressure  of  anyone  of  the  other  columns,  and  that  there 
is  no  reason  why  e  should  rise  above  any  one,  or  all,  of  the 
others. 


Fig.  59. 


§  59  Siphon.  —  A  siphon  is  a  an  instrument  used  for  trans- 
ferrine' a  liquid  from  one  vessel  to  another  through  the  agency 
Of  atmospheric  pressure.     It  consists  of  a  tube  of  any  material 
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(rubber  is  often  most  convenient) ,  bent  into  a  shape  somewhat 
like  an  inverted  U.  To  set  it  in  operation,  fill  the  tul)e  with  a 
liquid,  stop  each  end  with  a  finger  or  cork,  insert  one  end  in 
the  liquid  to  be  transferred,  bi'ing  the  other  end  below  the  level 
of  the  surface  of  the  liquid,  remove  the  stoppers,  and  the  liquid 
will  immediately  flow.  What  are  the  forces  actiug  on  the  water 
in  the  siphon  A  (Fig.  59)  ?  What  forces  tend  to  move  the 
water  from  the  tall  jar  to  the  short  one  ?  What  forces  tend  to 
move  the  water  the  other  way  ?  By  how  much  does  the  one  set 
of  forces  exceed  the  other?  When  will  the  water  cease  to  flow? 
Make  a  siphon  by  bending  a  glass  tube,  and,  by  means  of  two 
tall  jars  or  bottles,  experiment  with  it  as  in  B  and  C.  State  and 
explain  the  results  of  your  experiments. 

The  remaining  diagrams  in  this  cut  represent  some  of  the 
great  variety  of  uses  to  which  the  siphon  may  be  put.  D,  E, 
and  F  are  different  forms  of  siphon  fountains.  In  D,  the 
siphon  tube  is  filled  by  blowing  in  the  tube  /.  Explain  the 
remainder  of  the  operation.  A  siphon  of  the  form  G  is 
always  ready  for  use.  It  is  only  necessary  to  dip  one  end  into 
the  liquid  to  be  transferred.  Why  does  the  liquid  not  flow  out 
of  this  tube  in  its  present  condition?  H  illustrates  the  method 
by  which  a  heavy  liquid  may  be  removed  from  beneath  a  lighter 
liquid.  By  means  of  a  siphon  a  liquid  may  be  removed  from  a 
vessel  in  a  clear  state,  without  disturbing  sediment  at  the  bot- 
tom. I  is  a  T'antalus  cup.  A  liquid  will  not  flow  from  this  cup 
till  the  top  of  the  bend  of  the  tube  is  covered.  It  will  then 
continue  to  flow  as  long  as  the  end  of  the  tube  is  in  the  liquid. 
The  siphon  J  may  be  filled  with  a  liquid  that  is  not  safe  or 
pleasant  to  handle,  by  placing  the  end  j  in  the  liquid,  stopping 
the  end  k,  and  sucking  the  air  out  at  the  end  I  till  the  lower  end 
is  filled  with  the  liquid. 

Gases  heavier  than  air  ma^'  be  siphoned  like  liquids.  Vessel  o 
contains  carbonic-acid  gas.  As  the  gas  is  siphoned  into  the 
vessel  p,  it  extinguishes  a  candle-flame.  Gases  lighter  than  air 
are  siphoned  by  inverting  both  the  vessels  and  the  siphon. 
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QUESTIONS. 

1.  What  is  the  greatest  hight  to  which  the  bend  r  (in  A,  Fig.  59) 
can  be  ciirried,  and  allow  water  to  flow? 

2.  What  would  be  the  greatest  hight  if  mercury  were  used? 

3.  Suppose  the  bend  r  is  15™  above  the  liquid ;  what  theoretically 
ought  to  happen  when  the  end  h  is  unstopped? 

'  4.     What  would  happen  if  the  long  arm  were  cut  off  at  c  ? 

5.  What  would  happen  if  it  were  cut  off  between  e  and  a? 

6.  What  would  happen  if  the  siphon  were  lifted  out  of  the  liquid? 

7.  What  would  be  the  effect  of  lengthening  the  long  arm? 

8.  Must  the  two  arms  of  a  siphon  be  of  unequal  length? 

9.  How  far  can  a  liquid  be  carried  by  a  siphon? 

10.  Will  a  siphon  work  in  a  vacuum? 

11.  Imagine  that  some  such  condition  of  things  as  is  represented  by 
the  apparatus  K  (Fig.  59)  exists  in  the  earth,  and  that  the  siphon  a 
has  a  smaller  bore  tlian  the  siphon  c;  can  you  account  for  intermittent 
springs  wliich  flow  and  cease  to  flow  at  nearly  equal  intervals  of  time  ? 

12.  If  the  siphon  A  were  carried  to  the  top  of  a  mountain,  would 
the  water  run  through  it  more  rapidly  or  less  rapidly,  or  at  the  same 
rate?     Your  reason  for  your  answer. 

§  60.  Apparatus  for  raising-  Liquids.  —  The  siphon  can 
onlv  be  used  I'or  transferring  li(iuids  over  bights  to  a  lower 
level.      Liquids  canuot   be   transferred    to   a  p.    ^^ 

higher  level  by  atmospheric  pressure  alone.  In  ^^^m^^hh 
fact,  atmospheric  pressure  is  only  a  conven-  ^^HH^^H 
ience,  and  never  does  tvork.  If  the  piston  a  ^^M 
of  a  syringe  (Fig.  60)  is  raised,  the  air  is  rare-  ^H 
fled  below  it,  and  the  atmospheric  pressure  will  JJ 
force  water  up  into  the  syringe  ;  but  to  raise  R^^^^tH 
the  piston,  against  the  atmospheric  pressure  ^B|::;ii;  e n ;[  l^| 
tending  to  force  it  downward,  requires  as  much  ^B^^^^^| 
muscular  energy  as  would  be  required  to  raise 
the  same  quantity  of  water  to  the  same  hight  as  that  to  which 
it  is  raised  in  the  syringe. 

The  common  lifting-pump  is  constructed  like  the  barrel  of  an 
fiir-pump.      Figure    61    represents    the    piston  in   the  act   of 
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rising.  As  the  air  is  rarefied  below  it,  water  rises  by  atmos- 
pheric pressure,  and  opens  the  lower  valve.  The  weight  of  the 
water  above  the  piston  closes  the  upper  valve,  and 
the  water  is  discharged  from  the  spout.  When  the 
piston  is  pressed  down,  the  lower  valve  closes, 
the  upper  valve  opens,  and  the  water  between  the 
bottom  of  the  barrel  and  the  piston  passes  through 
the  upper  valve  above  the  piston.  How  high 
can  the  bottom  of  the  barrel  be  above  the  surface 
of  the  liquid,  if  the  liquid  to  be  pumped  is  water? 
How  high  if  it  is  mercuiy? 

The  liqui<l  is  sometimes  said  to  be 
raised  in  a  lifting-pump  by  the  "  force 
of  suction."    Is  there  such  a  force? 


FiR.  62. 


Fig.  63. 


Experimont.     Bend  a  glass  tube  into 
a  U  shape,  with  unequal  arms,  as  in  Figure  62.     Fill  the 
tube  with  a  liquid  to  the  level  c&.     Close  the  end  b  with 
a  finger,  and  try  to  suck  the 
liquid  out  of  the  tube.    You 
find  it  impossible.    Remove 

the  finger  from  b,  and  you  can  suck  tlie 

liquid  out  with  ease.     Why? 

The  piston  of  a  force-pump  (Fig. 
G3)  has  no  valve,  but  a  branch  pipe 
leads  from  the  lower  part  of  the  bar- 
rel to  an  air-condensing  chamber  a, 
at  the  bottom  of  which  is  a  valve  c, 
opening  upward.  As  the  piston  is 
raised,  water  is  forced  up  through  the 
valve  d,  while  water  in  a  is  prevented 
from  returning  by  the  valve  c.  When  the  piston  is  forced 
down,  the  valve  d  closes,  the  valve  c  opens,  and  water  is 
forced  into  the  chamber  a,  condensing  the  air  above  the  water. 
Tlie  elasticity  of  tlie  condensed  air  forces  the  water  out  of  the 
hose  ^  in  a  continuous  streana, 
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V.     BUOYANT  FORCE  OF  FLUIDS. 

Experiment  1.  Gradually  lower  a  large  stone,  by  a  string  tied  to  it, 
into  a  buclvet  of  water,  and  notice  that  its  weight  gradually  becomes 
less  till  it  is  completely  submerged.  Slowly  raise  it  out  of  the  water, 
and  note  the  change  in  weight  as  it  emerges  from  the  water.  Suspend 
the  stone  from  a  spring-balance,  weigh  it  in  air,  and  then  in  water,  and 
ascertain  its  loss  of  weight  in  the  latter.  Repeat  the  experiment  with 
pieces  of  iron,  wood,  and  otlier  substances.  Inflate  a  bladder,  and  force 
it  beneath  a  surface  of  water.  Fill  a  thin  rubber  balloon  with  coal-gas, 
and  it  will  rise  to  the  top  of  the  room. 

In  all  these  experiments  it  seems  as  if  something  in  the  fluid, 
underneath  the  articles  submerged,  were  pressing  up  against 
them.  This  lifting-torce  is  called  the  buoyant  force  ot  fluids. 
PLvery  body  immersed  appears  to  lose  part  of  its  weight ; 
some  bodies  appear  to  lose  all  their  weight.  Do  bodies  really 
lose  any  portion  of  their  weight  when  immersed  in  a  liquid? 

Experiment  2.  Place  a  beaker  of  water  on  a  scale-pan  of  a  balance- 
beam,  and  weigli.     Weigh  a  stone  first  in  the  air,  then   in  water,  and 


Fig.  64. 


ascertain  the  apparent  loss  of  weight. 
Then  suspend  the  stone  from  a  support 
(Fig.  64),  and  weigh  the  bealver  of  water 
with  the  stone  immersed.  How  much  more 
do  the  beaker  and  its  contents  now  weigh 
than  before?  Compare  this  gain  with  the 
apparent  loss  of  weight  of  the  stone  in 
water.  Is  any  weight  really  lost?  Repeat 
the  experiment  with  a  block  of  wood. 

Experiment  3.  Make  a  saturated  solu- 
tion of  salt  in  water.  Weigh  the  same 
stone  in  air,  fresh  water,  and  salt  water. 
Compare  its  apparent   loss   of  weight  in 

salt  water  with  that  in  fresh  water.  Can  you  account  for  the  difter- 
ence?  Throw  a  piece  of  iron  into  mercury.  It  floats  on  the  mercury 
like  cork  on  water.  Fill  a  vessel  with  carbonic-acid  gas ;  blow  a  soap- 
bubble,  and  drop  it  into  the  vessel.  It  will  not  sink  in  the  vessel,  but 
rolls  over  the  side,  and  falls  to  the  floor.  It  appears  that  some  fluids 
have  greater  buoyant  force  than  others.  The  water  of  the  Dead  Sea. 
in  Palestine,  is  so  salt  that  a  person  does  not  sink  in  it.  Can  you  see 
the  reason? 
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§  61.  Why  a  solid  is  buoyed  up  by  a  fluid,  and  with 
how  great  a  force  it  is  buoyed  up.  —  Suppose  dcba  (Fig. 
65)  to  be  a  cubical  block  of  marble  immersed  in  a  liquid.  It  is 
obvious  that  the  downward  pressure  upon  Fig.  65. 

the  surface  da  is  equal  to  the  weight  of  the 
column  of  liquid  eclao.     The  upward  pres- 
sure   on    the    surface    cb    is    equal    to   the 
weight  of  a  column  of  liquid  echo.     The  dif- 
ference between  the  upward  pressure  against 
cb  and  the  downward  pressure  on  da,  is  the 
weight  of  a  column  of  liquid  echo  less  the 
weight  of  a  column  of  liquid  edao,  w-hich  is 
a  column  of  liquid  dcba  {ecbo  —  edao  =  dcba) . 
But  a  column  of  liquid  dcba  has  precisely 
the  volume  of  the  solid  submerged.    Therefore,  a  solid  is  buoyed 
up  by  a  fluid  in  consequence  of  the  xniequcd  pressures  upon  its  top 
and  bottom  at  their  different  depths,  and  the  amount  of  the  buoyancy 
is  the  weight  of  a  body  of  yis.  g6. 

that  fluid  equcd  in  volume 
to  the  solid  immersed.  The 
last  proposition  is  gener- 
ally stated  as  follows  :  A 
solid  loses  in  iveight  as 
much  as  the  iceight  of  the 
fluid  it  displaces. 


Experiment  4.  The  last 
statement  may  be  verified 
with  apparatus  like  that 
shown  in  Fiiiure  C,G.  Fill  the 
vessel  A  till  the  liquid  over- 
flows at  E.  After  the  over- 
flow ceases,  place  a  vessel  c 
under  the  nozzle.  Suspend 
a  stone  from  the  balance-beam  B,  and  weijih  it  in  air,  and  then 
carefully  lower  it  into  the  licpiid,  when  some  of  the  liquid  will  flow 
into  the  vessel  c.     The  vessel  c  having  been  weighed  when  empty, 
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weigh  it  again  with  its  liquid  contents,  and  it  will  be  found  that  its 
increase  in  weight  is  just  equal  to  the  loss  of  weight  of  the  stone. 

Experiment  5.  Next  suspend  a  block  of  wood  that  will  float  in  the 
liquid,  and  weigh  it  in  air.  Then  float  it  upon  the  liquid,  and  weigh 
the  liquid  displaced  as  before,  and  it  will  be  found  that  the  weight  of 
the  liquid  displaced  is  just  equal  to  the  weight  of  the  block  in  air. 

Hence,  a  floating  mass  displaces  its  own  loeight  of  liquid;  in 
other  words ^  a  floating  mass  will 
sink  till  it  disj^laces  an  equal 
u-eight  of  the  liquid,  or  till  it 
reaches  a  depth  vhere  the  buoyant 
force  is  equal  to  its  own  lOeight. 


Fit'.  67. 


Experiment  6.  Next,  partially 
All  with  water  a  glass  (Fig.  67) 
graduated  in  cubic  centimeters  and 
fractions  of  the  same.  Note  the  level 
of  the  water.  Drop  one  of  the  solids  into  the  water,  and  note  again 
the  level  of  the  water.  The  diflorence  between  the  two  levels  is  the 
number  of  cubic  centimeters  of  water  that  the  solid  displaces.  But 
one  cubic  centimeter  of  water  weighs  one  gram.  How  does  the  num- 
ber of  cubic  centimeters  of  water. displaced  compare  with  the  number 
of  grams  the  solid  apparently  loses  in  weight? 

There  is  an  adage  that  "  a  pound  of  feathers  weighs  more 
than  a  pound  of  lead."     Is  there  truth  in  the  statement? 


Experiment  7. 


Fig.  68. 


Instead  of  feathers,  we  will  employ  a  hollow  globe 
a  (Fig.  G8) ;  in  place  of  the  "  pound  of  lead,"  we 
will  use  a  counterpoise  b,  of  any  metal  whose 
weight  is  just  equal  to  the  weight  of  the  globe. 
Then  when  the  globe  and  counterpoise  are  sus- 
pended from  the  opposite  arms  of  the  balance-beam 
c,  the  beam  will  be  horizontal.  Now  place  the  whole 
on  the  plate  of  an  air-pump,  cover  with  a  receiver, 
aud  exhaust  the  air.  What  happens  when  the  air  is 
partially  exhausted?  How  do  you  explain  the 
phenomenon?  , 


^2  JDYNA^SIICS. 

A  pound  of  feathers  displaces  more  air  than  a  pound  of  lead, 
and  is,  therefore,  buoyed  up  more  by  the  air ;  consequently  the 
pound  of  lead  which  balances  a  pound  of  feathers  in  the  air, 
does  not  balance  them  in  a  vacuum.  We  learn  from  the  experi- 
ment that  bodies  toeigh  less  in  air  than  in  a  vacuum,  and  that 
toe  never  learn  the  true  weight  of  a  body,  except  when  weighed  in 
a  vacuum. 


It  has  been  stated  that  the  densitj'  of  the  atmosphere  is  greatest  a, 
the  sui'face  of  the  earth.  A  body  free  to  move  cannot  I'emain  at  rest 
while  it  displaces  more  than  its  own  weight  of  a  fluid;  therefore  a  bal- 
loon, which  is  a  large  bag  tilled  with  a  gas  about  fourteen  times  lighter 
than  air  at  the  sea-level,  will  rise  till  the  balloon,  plus  the  weight  of  the 
car  and  cargo,  equals  the  weight  of  the  air  displaced.  The  aeronaut, 
wishing  to  ascend  still  higher,  throws  out  a  portion  of  his  cargo ;  wish- 
ing to  descend,  he  allows  some  of  the  gas  to  escape  at  the  top  of  the 
balloon  by  means  of  a  valve,  which  he  controls  by  means  of  a  cord 
passing  through  the  balloon  to  the  car. 


QUESTIONS 

1.  Why  is  it  diflicnlt  to  stand  in  water  reaching  the  neck? 

2.  Wliy  can  a  i)ersou  raise  a  stoue  under  water,  which  he  cannot 
lift  when  out  of  water? 

3.  A  piece  of  cork  weighs  "lO";  what  weight  of  water  does  it  dis- 
place when  floating? 

4.  What  weight  of  mercury  will  a  piece  of  iron  weighing  500k  dis- 
place? 


VI.     DENSITY    AND    SPECIFIC   GRAVITY. 

§  62.  Density.  We  speak  of  a  piece  of  cork  as  being 
hetivier  than  a  nail,  at  the  same  time  that  we  speak  of  cork  as 
light  :ind  iron  as  heavy.  Tliis  seeming  contiadictiou  is  ac- 
counted for  b}'  the  different  meanings  which  wc  attncii  to  the 
terms  light  and  heavy.  In  both  cases,  ligJit  and  heavy  are  used 
as  terms  of  comparison.     In   the  former  instance,  we  compare 


SPECIFIC   GRAVITY.  83 

the  weights  of  the  two  paiticuhir  bodies,  without  reference  to 
volume  ;  in  the  latter,  we  call  cork  light  and  iron  heavy ^  having 
IK)  particular  bodies  in  view,  but  because  we  know  by  experience 
that  cork  is  not  so  demise  as  iron,  i.e.,  a  given  volume  of  cork 
contains  less  matter  than  an  equal  volume  of  iron.  The  term 
iceight  refers  simpl}-  to  the  number  of  grams,  kilograms,  etc., 
that  a  particular  body  weighs,  without  reference  to  the  material 
or  the  volume.  The  density  of  a  body  can  be  stated  only  by 
expressing  (or  understanding)  two  quantities,  viz.,  mass  and 
volume.  For  example,  suppose  that  a  block  of  wood  measures 
2  X  10  X  20'^'"  and  has  a  mass  of  (i.e.,  weighs)  300^;  its  density  is 
then  -2  x^io^x  -iu  ^  t^^  =  0.75  gram  per  cubic  centimeter.  When 
we  speak  of  cork  as  lighter  than  iron,  it  is  evident  that  we  are 
comparing  the  densities  of  these  two  substances. 

§  63.  Specific  gravity.  Hie  specific  gravity  of  a  substance 
is  the  ratio  of  the  density  of  that  substance  to  the  density  of  another 
substance  assumed  as  a  standard;  in  other  words,  it  is  the  ratio 
of  the  weight  of  a  certain  volume  of  that  substance  to  the 
weio;ht  of  the  same  volume  of  another  substance  which  is  taken 
as  a  standard. 

To  facilitate  comparison  of  densities,  uniform  standards  are 
adopted.  Distilled  water  at  its  maximum  density,  at  4°  C,  is 
the  standard  of  specific  gravity  for  all  solids  and  liquids.  In- 
asmuch .as  one  cubic  centimeter  of  water  weighs  one  gram, 
w  hen  the  weight  of  one  cubic  centimeter  of  any  substance  is  given 
in  grams,  i.e.,  when  its  density  is  given  in  its  usual  metric 
iiiii's,  the  same  number  also  expresses  its  specific  gravity. 
Tluis,  One  cubic  centimeter  of  water  weighs  one  gram,  and  1 
is  the  s[)ecific  gravity  of  water.  The  density  of  silver  is  10.53^ 
l)er  cubic  centimeter ;  hence  the  specific  gravity  of  silver  is 
10.53.  The  standard  for  gases  is  air*  at  the  average  sea- 
level  density,  and  at  a  temperature  of  0°  C.  The  weight  of  one 
cubic  centimeter  of  air,  under  these  conditions,  is  0.0012932", 
or  about  ,|^  of  the  weight  of  one  cubic  centimeter  of  water. 

J^et  G  =  the  specific  gravity  of  a  substance  ;  D  =  its  density 

J  Some  physiciste  adopt  hydrogen  gas  as  a  standard  for  gasep, 
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in  grams  per  cubic  centimeter  ;  V  =  the  volume  of  a  given  body 
of  it  in  cubic  centimeters ;  W  =  the  weight  of  the  given  body 
in  grams  ;  W  =  the  weight  in  grams  of  an  equal  volume  of  the 

standard 
W 


G  = 


W 


W 

Then,  as  shown  above,  D  =  — ,  and,  by  definition, 

G  is  numerically  equal  to  D,  and  W  to  V. 


Since  the  loss  of  weight  of  a  solid  immersed  in  a  liquid  is 
just  the  weight  of  an  equal  volume  of  that  liquid,  it  is  evident 
that,  if  we  divide  the  weight  of  a  solid  in  air  by  its  loss  in  weight 
when  immersed  in  ivater,  the  quotient  will  be  its  sj^ecijic  gravity. 

Experiment  1.  Obtain  small  lumps  of  glass,  iron,  lead,  marble, 
granite,  etc.,  and  weigh  each  in  air.  Partly  fill  with  water  a  measur- 
ing-beaker graduated  in  cubic  centimeters,  and  note  the  level  of  the 
water.  Drop  a  lump  into  the  water,  and  note  the  level  again.  Tlie 
rise  of  water,  as  indicated  by  the  graduated  scale,  gives  the  volume 
(V)  of  the  specimen.     With  these  data  find  the  density  (D),  employing 

W 
the  formula  D  =  — .     Next  weigh  each  of  these  lumps  submerged  in 


water,  and  find  its  loss  in  weight;  and,  from  the  data  obtained,  ascer- 

W 

tain  G  from  the  formula  G  =  — ^.     Prepare  blanks,  and  tabulate  your 

results  thus  :  — 


Name  of 
Substance. 

w 

v 

rem 

D 

or  G 

e 

Flint  glass. 

435 

134 

3.24 

.O'J- 

w 


\\  in 
water. 


W 


G 
or  D 


435  I   305 


130 


3.34  I.Olf 


Av. 


3.29 


.04 
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"When  the  result  obtained  differs  from  that  given  in  the  table  of  spe- 
cific gravities  (see  Appendix,  page  402),  the  difference  is  recorded  in 
the  column  of  errors  (e).  When  the  former  is  greater  than  the  latter,  it 
is  indicated  by  a  plus  sign  affixed  to  the  number;  when  less,  by  the 
minus  sign.  The  results  recorded  in  the  column  of  errors  are  not  nec- 
essarily real  errors ;  they  may  indicate  the  degree  of  impurity,  or  some 
peculiar  physical  condition,  of  the  specimen  tested. 

Experiment  2.  Obtain  good  specimeus  of  cork,  oak,  elm,  and  poplar 
woods,  all  of  which  float  on  water.  Tie  to  a  specimen  a  piece  of  lead 
heavy  enough  to  sink  it;  immerse  the  two,  thus  attached,  in  a  measur- 
ing-glass, and  find  the  number  of  cubic  centimeters  of  water  displaced  by 
them.  In  the  same  way  find  the  amount  displaced  by  the  lead  alone. 
Subtract  the  amount  displaced  by  the  lead  from  the  amount  displaced  by 
the  two,  and  the  remainder  will  be  tlie  amount  displaced  by  the  specimen. 
Then,  regarding  the  number  af  centimeters  of  water  displaced  as  so 

W 
many  grams,  apply  the  formula  G  =  7—7. 

Example.  Find  the  specific  gravity  of  a  piece  of  ehu  wood.  At- 
tach to  it  a  piece  of  lead  weighing  (say)  40s. 


The  combined  solids  displace 28.5s  of  water. 

The  lead  displaces 3.5s         " 

The  elm  displaces 25.03         " 

The  elm  weighs  in  air 20. Os         " 

The  specific  gravity  of  elm  wood  is   .     .     .    20.0 -4- 25  =  .8. 

Experiment  3.  Find  the  specific  gravity  of  alcohol,  a  saturated  so- 
lution of  common  salt,  sea-water,  naphtha,  olive-oil,  pure  milk,  and 
mercury  in  the  following  manner:  ascertain  the  loss  in  weight  of  a 

sinker  in  each  one  of  these  liquids,  also  in  water,  and  then  apply  the 

W 

formula  G  =  — .    Here  W  and  W  represent  the  loss  of  weight  of  the 

sinker  in  the  liquid  and  water  respectively. 

Example.  Compute  the  specific  gravity  of  alcohol  from  the  follow- 
ing data : — 

A  piece  of  marble  weighs  in  air     ....    56.80? 
The  same  weighs  in  water    .  ' 36.80s    • 

Loss  in  water 20.00s    ^ 

56.808 
The  marble  weighs  in  alcohol 40-965 

Loss  in  alcQhol  .    .    .    ,    ,    .    ,    ,    .  I5.$4g 
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Since  20s  and  15. 84?  are  the  weights  respectively  of  equal  volumes  of 

W  15  84 

water  and   alcohol,  and  since  G=— ,  ,then  =  ,792,  the  speciflc 

gravity  of  alcohol. 


§64.  Hydrometers. — Experiment.  Take  a  uniform  rod  of 
light  wood  about  a  foot  long,  and  mark  oft"  on  it  a  scale  of  equal  parts. 
A  convenient  size  is  | 


inch  square,  and  a  suitable  scale  is 
inches  and  lialf  inches.  Coat  the  rod  witli  parafflne  to  pre- 
vent its  absorbing  water  and  swelling.  Bore  into  the  end 
marked  zero  a  hole  about  2  inches  deep,  and  drive  in  bullets 
till  the  rod  will  sink  in  water  (Fig.  69)  just  to  some  inch- 
mark,  and  stop  the  end  with  parafHue.  If  it  sinks  too  deep, 
cut  off  the  upper  end  of  the  rod. 

Suppose  the  rod  sinks  8  inches  in  water;  then,  if  it  is  h  inch 
square,  it  displaces  2  cu.  in.  of  water.  The  weight  of  tlie 
Avater  displaced  must  just  equal  the  weight  of  the  rod  (see 
iJOl}.  Now  immerse  it  in  alcohol;  it  sinks  deeper,  say  to 
the  10-inch  mark ;  that  is,  ^£-  cu.  in.  of  alcohol  weigh  the  same 

V       8 
cu.  in.   of  water;   therefore,  G  =  — =  — =  .800.    If  in 


Fig.  Git. 


as 


brine  it  sinks  only  Gj  in.,  G 


8^ 


1.20. 


10 


Apparatus  like  that  described  is  called  a  hydrometpr.  In- 
stead of  a  rod  of  wood,  a  glass  tube  is  generally  used,  ter- 
minating in  a  bulb  containing  shot  or  mercury.  The  tube 
contains  a  scale  with  numbers  corresponding,  which  express  the  specific 
gravity,  so  that  no  computation  is  necessary.  Make  solutions  of 
Aarious  substances,  and  test  their  specific  gravity  with  your  hydrome- 
ter, and  test  the  accuracy  of  the  results  so  obtained  by  other  processes. 


The  most  direct  way  of  finding  the  specific  gravity  of  liquids 
and  gases  is  by  employing  vessels  that  hold  definite  weights  of 
the  two  standards,  water  or  air,  and  then  weigliing  these  vessels 
when  filled  with  other  liquids  or  gases  ;  and,  after  deducting  tlie 


weight  of  the  vessel,  applying  the  formula,  G  = 


W 
W 


The  specific  gravity  of  a  solid  that  is  dissolved  by  water  may 
be  found  by  weighing  it  in  a  liquid  that  will  not  dissolve  it 
(e.^.,   rock-salt   in    naphtha);    and.   having    found    its    specific 
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gravity  as  coinpavecl  witli  tho  li(|ni(l  used,  ninltipl}-  this  result  by 

the  specific  gravit}'  of  the  liquid. 

W  W 

From  the  formula  D  =  — ,  we  have  V  =  —  ;  hence,  the  volume 

V  I) 

of  an  irregular-shaped  body  may  be  found  in  cubic  ceyitimeters  by 

dividing  its  weight  in  grams  by  its  density. 

W 
Again,  from  the  formula  D  =  — ,  we  have  W  =  V  x  D.   Hence, 

wJien  the  volume  and  density  of  a  body  are  knotvn,  its  weight  in 
grams  may  be  found  hy  ymdtiplying  its  volume  in  cubic  centime- 
ters by  its  density. 

QUESTIONS   AND    PROBLEMS.* 

1.  How  high  can  sulphuric  acid  be  raised  by  a  lifting-pump? 

2.  What  is  the  weight  of  50s  of  water  in  water? 

3.  Find  the  specific  gravity  of  wax  from  the  following  data :  weight 
of  a  given  mass  of  wax  in  air  is  80";  wax  and  sinker  displace  102.88™'" 
of  water ;  sinker  alone  displaces  14'^'='". 

4.  Why  does  a  light  liquid  {e.g.,  oil),  introduced  under  a  heavier 
liquid  (e.g.,  water),  rise? 

5.  Glass  is  about  three  times  heavier  than  water;  how,  then,  can  a 
glass  tumbler  float  in  water? 

6.  How  can  iron  vessels  float  in  water? 

7.  A  block  of  ice  containing  500<='=™  is  floating  on  water;  how  mauy 
cubic  centimeters  are  out  of  water? 

8.  Will  ice  float  or  sink  in  alcohol? 

9.  How  much  more  matter  is  there  in  500'='='"  of  sea-water  than  in 
the  same  volume  of  fresh  water? 

10.  In  SO''  of  gold  how  many  cubic  centimeters? 

11.  What  is  the  density  of  gold? 

12.  What  is  the  density  of  cork? 

13.  What  is  the  density  of  air  at  ordinary  pressure,  and  at  a  tempera- 
ture of  0'^  C? 

14.  An  irregular  piece  of  marble  loses  53s  when  weighed  in  water. 
How  many  cubic  centimeters  does  it  contain? 

15.  When  wiU  a  body  sink,  and  when  float? 

16.  How  many  cubic  centimeters  of  air  at  the  sea-level  does  it  take 
to  weigh  as  much  as  l'='=">  of  water? 

'  Consult  the  Tables  of  Specific  Gravities,  in  the  Appendix,  Section  C. 
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17.  How  much  will  1'^  of  copper  weigh  in  water? 

18.  What  does  a  piece  of  lead  20  X  10  X  5"'"  weigh? 

19.  What  will  it  weigh  in  water? 

20.  What  will  it  weigh  in  mercurj^? 

21.  What  becomes  of  the  weight  that  is  lost? 

22.  If  158  of  salt  be  dissolved  in  1'  of  water,  without  increasing  the 
volume  of  the  liquid,  what  will  be  the  specific  gravity  of  the  solu- 
tion? 

23.  A  mass  of  lead  weighs  1^  in  air.  What  will  it  weigh  in  a 
vacuum? 

24.  A  mass  whose'weight  in  air  is  30s,  weighs  in  water  26s,  and  in 
another  liquid  27s.  What  is  the  specific  gravity  of  the  other 
liquid? 

25.  A  silver  spoon,  weighing  150s,  is  supported  by  a  string  in  water. 
What  part  of  the  weight  is  sustained  by  the  string,  and  what  part  is 
supported  by  the  water? 

26.  A  boat  displaces  25<=bm  of  water.     How  much  does  it  weigh? 

27.  If  50''  of  stone  were  placed  in  the  boat,  how  raucli  water  would 
it  displace? 

28.  If  the  boat  is  capable  of  displacing  100<='"»  of  water,  what  weight 
must  be  placed  in  it  to  sink  it? 

29.  An  empty  glass  globe  weighs  lOOS;  full  of  air  it  weighs  102  4P; 
full  of  chlorine  gas,  it  weighs  105.928s.  What  is  the  specific  gravity 
of  chlorine  gas? 

30.  What  weight  of  alcohol  can  be  put  into  a  vessel  whos"  capacity 
is  1'. 

31.  You  wish  to  measure  out  50s  of  sulphuric  acid.  To  what  num- 
ber on  a  beaker  graduated  in  cubic  centimeters  will  that  corre- 
spond? 

32.  State  how  you  would  measure  out  80?  of  nitric  acid  in  a  measur- 
ing-beaker. 

33.  A  measuring-beaker  contains  S5'=<^"^  of  naphtha.  What  is  the 
weight  of  the  naphtiui? 

34.  A  lead  pipe  is  carried  20"^  below  the  surface  of  water  in  a  reser- 
voir. What  bursting-force  per  square  centimeter  must  it  be  capable  of 
sustaining? 

35.  A  cubical  vessel,  each  of  whose  sides  contains  2500'i'""',  is  filled 
with  water.    What  pressure  does  its  bottom  sustain?    One  of  its  sides? 

36.  A  solid  floats  at  a  certain  depth  in  a  li(inid  when  the  vessel 
which  oont.'iins  it  is  in  the  air;  if  tlie  vessel  is  placed  in  a  vacuum,  will 
the  solid  sink,  rise,  or  remain  stationary? 
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VII.    MOTION. 

§  65.  Motion  and  rest  relative  terms.  —  To  a  person 
riding  in  a  railway  car,  and  confining  his  attention  to  objects 
in  tlie  car,  everything  appears  to  be  at  rest;  bnt  let  him  direct 
his  attention  to  objects  l)y  the  wayside,  and  at  once  he  discovers 
that  all  in  the  car  are  in  mot'on.  INIatter  may  be  at  rest  with 
reference  to  certain  objects,  and  in  motion  in  regard  to  others. 
Motion  and  rest  are  wholly  relative  terms,  and  inapplicable  to  an 
object  considered  apart  from  all  others.  We  cannot  locate  an 
object  except  with  reference  to  another  object,  nor  can  we  con- 
ceive of  change  or  permanence  of  position  of  an  object,  except 
in  relation  to  some  other  object.  The  aeronaut,  moving  at  the 
rate  of  sixty  miles  an  hour,  knows  not  that  he  is  moving  at  all, 
till  he  looks  away  from  his  balloon,  and  sees  cities  and  towns 
passing  in  panorama  beneath  him. 

§  66.  All  matter  is  in  motion.  —  There  is  no  such  thing  as 
absolute  rest  in  the  universe.  There  is  no  use  for  the  word  rest,  ex- 
cept to  indicate,  with  reference  to  each  other,  the  condition  of 
objects  that  are  moving  in  the  same  direction  and  with  the 
same  velocity.  For  example,  a  span  of  horses  drawing  a  car- 
riage, at  the  rate  of  ten  miles  an  hour,  are  at  rest  with  reference 
to  each  other  and  the  carriage.  The  phrase  "at  rest"  can 
only  be  used  in  an  extremely  limited  sense,  and  in  common 
language  refers  only  to  the  condition  of  an  object  with  reference 
to  that  on  which  it  stands,  as  a  car,  deck  of  a  ship,  or  surface 
of  the  earth.  It  is  onl}-  by  putting  entirely  out  of  mind  the 
motions  of  the  earth  that  we  can  speak  of  any  terrestrial  obje>  t 
as  being  at  rest. 

Not  only  is  there  motion  of  mass  as  a  whole,  or  Visible  me- 
chanical motion,  but  there  is  a  motion  of  the  molecules  within 
the  mass,  —  an  invisible  molecular  motion  called  heat.  We 
cannot  see  the  movements  of  the  molecules  of  steam,  but  we 
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know  that  they  exist  b}-  their  great  power,  manifested  in  moving 
machinery. 

§  67.  Velocity.  —  Uniform  and  varied  motion.  —  All 
motion  takes  time  ;  hence  the  term  velocity,  which  refers  to  the 
sj^ace  traversed  in  a  unit  of  time.  Motion  may  be  uniform  or 
varied :  uniform,  when  an  object  traverses  successively  equal 
spaces  in  all  equal  intervals  of  time ;  varied,  when  unequal 
spaces  are  traversed  in  an}-  equal  intervals  of  time.  Varied 
motion  may  be  accelerated  or  retarded  :  accelerated,  when  the 
spaces  traversed  increase  at  each  successive  interval  of  time ; 
retarded,  when  the}'  diminish.  The  motion  of  a  train  of  cars,  in 
starting  from  a  station  is  at  first  accelerated,  afterwards  tolerably 
uniform,  and  when  the  brakes  are  applied,  it  becomes  retarded. 
(Strictly  speaking,  all  motions  are  varied  ;  there  is  no  illustration  of 
absolutely  uniform  motion  in  Nature  nor  in  art,  though  we  may 
conceive  of  its  possibility  and  have  very  closely  approximated  to  it. 

The  velocity  of  a  body  having  accelerated  or  retarded  motion  can 
be  given  only  at  some  definite  point  by  an  estimate  of  the  distance  it 
would  traverse  in  a  unit  of  time,  were  it  to  continue  in  uniform  motion 
at  the  speed  it  has  at  tliat  point.  For  instance,  a  railway  train  passes 
us,  and  we  estimate  that  its  velocity  is  30  miles  an  hour,  although  in  a 
few  minutes  its  speed  may  be  reduced  to  10  miles  an  hour,  and  a  little 
later  it  may  come  to  rest.  When  we  assign  a  velocity  of  30  miles  an 
hour,  we  have  no  thought  of  whether  it  will  run  30  miles  during  the 
next  hour,  or  whether  it  will  run  an  hour;  we  mean  that,  should  it 
retain  its  present  speed,  it  will  be  30  miles  away  from  us  at  the  end  of  an 
hour. 

VIII.     FIRST   LAW   OF   MOTION. —INERTIA. 

Now,  what  is  it  that  sets  in  motion  that  which  was  previously 
at  rest?  We  may  call  it  force;  but  what  idea  does  this  term 
convey?  Let  us  question  our  own  experience.  We  leave  an 
apple  lying  upon  a  table  ;  have  we  not  entire  confidence  that  it 
will  continue  to  lie  there,  unless  disturbed  by  some  other  body? 
If  on  returning  we  find  it  gone,  are  we  not  sure  that  it  has  been 
removed  by  the  action  of  some  body  other  thau  itself?     An 
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apple  falls  to  the  ground,  and  although  the  action  is  one  of  the 
most  mysterious  in  all  nature,  yet  do  we  not  almost  instinctively 
trace  the  cause  to  some  action  between  the  apple  and  the  earth  ? 
The  ball  at  rest  is  put  in  motion  by  a  bat ;  but  must  not  the  bat 
first  be  put  in  motion  ?  And  when  we  find  the  cause  of  its  mo- 
tion, is  it  not  an  antecedent  motion  in  some  other  object?  We 
conclude,  then  (1),  that  motion  cannot  originate  in  an  object 
isolated  from  all  others,  but  it  always  arises  from  mutual  action 
between  at  least  two  bodies. 

Again,  the  bat,  having  received  motion,  is  capable  of  impart- 
ing motion  to  the  ball ;  but,  having  set  in  motion  one  ball,  is  it 
equally  capable  of  putting  in  motion  another  ball  ?  Can  a  mass 
impart  motion  and  retain  all  its  motion?  Is  it  not  like  a  com- 
mercial transaction,  a  trade,  to  which  there  are  two  parties,  one 
a  buyer  and  the  other  a  seller?  that  is,  are  not  all  transactions 
between  the  parties  (i.e.,  the  mover  and  the  moved)  of  the  na- 
ture of  a  transfer,  which  should  be  entered  on  the  debit  side  of 
one's  account,  and  the  credit  side  of  the  other's?  We  conclude 
(2)  that  motion  in  one  body  is  caused  only  by  another  body's 
parting  with  some  of  its  power  of  producing  motion. 

If  a  sled,  on  which  a  child  is  sitting,  is  suddenl}-  put  in  mo- 
tion, the  child  is  left  in  the  place  from  which  the  sled  started. 
If  the  child  and  sled  are  both  in  motion,  and  the  sled  is  sud- 
denly stopped,  the  child  lands  some  distance  ahead.  If  the 
sled  is  started  slowly,  the  child  partakes  of  the  motion  of  the 
sled,  and  is  carried  along  with  it ;  and  if  the  sled  gradually 
stops,  the  child's  motion  is  gradually  checked,  and  it  retains  its 
place  on  the  sled.  This  shows  (3)  that  masses  of  matter  receive 
motion  gradually  and  surrender  it  gradually. 

Even  very  small  bodies  require  time  to  start  and  to  stop.  The  sand- 
blast, employed  for  engraving  flgnres  on  glass,  furnishes  a  fine  illus- 
tration of  this  fact.  A  box  of  fine  quartz-sand  is  placed  in  an  elevated 
position.  A  long  tube  extends  vertically  down  from  the  bottom  of  this 
box.  The  plate  of  glass  to  be  engraved  is  covered  with  a  thin  layer  of 
njejted  wax.     When  cool,  the  design  is  sketched  with  a  sharp-pointed 
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instrument,  in  the  wax,  leaving  the  glass  exposed  only  where  the  lines 
are  traced.  The  plate  is  then  placed  beneath  the  orifice  of  the  tube, 
and  exposed  to  a  shower  of  sand.  The  velocity  of  the  sand-grains  is 
not  at  its  maximum  at  the  start,  but  is  constantly  accelerated  till  they 
reach  the  plate,  where  their  velocity  in  turn  is  gradually  given  up. 
The  wax,  on  account  of  its  yielding  nature,  gradually  brings  them  to 
rest;  but  the  glass,  notwithstanding  its  hardness,  cannot  stop  them 
(juite  at  its  surface;  and,  therefore,  it  suffers  a  chipping  action  from 
the  sand.  Thus  the  soft  wax  affords  a  protection  from  the  action  of 
the  falling  sand  of  all  parts  except  those  intended  to  be  cut.  A  still 
greater  force  is  generally  given  to  the  sand  by  steam  blown  through 
the  tube.  For  this  reasou  the  apparatus  is  called  a  sand-blast.  Hard 
metals  like  steel  are  engraved  in  the  same  manner.  Yet  the  hand 
may  be  held  in  the  blast  several  seconds  without  injury.  (What  is  the 
difference  in  the  effects  of  catching  a  base-ball  with  hands  held  rigidly 
extended,  and  allowing  the  hands  to  yield  somewhat  to  the  motion  of 
the  ball?) 

Roll  a  marble  on  a  carpet,  —  it  soon  stops  ;  roll  it  on  a  smooth 
marble  floor,  —  it  rolls  much  farther.  On  a  perf ectl}'  smooth  sur- 
face it  might  roll  for  hours.  If  we  could  provide  such  a  surface, 
and  dispense  with  the  resistance  of  the  air,  how  long  would  it 
roll?  These  conditions  are  impracticable?  True.  But  have 
not  the  heavenly  bodies  rolled  for  millions  of  years  through  fric- 
tionless  space,  unchecked  because  unimpeded? 

Motion  unobstructed  is  perpetual.  JMotion  undisturbed  is  in  a 
straight  line.  Along  which  will  a  marble  roll  more  nearly  in  a 
straight  line,  a  smooth  or  a  rough  floor?  AVhat  if  the  floor  were 
perfectly  smooth  ? 

The  relations  between  matter  and  force  are  admirably  and 
concisely  expressed  in  what  are  known  as  Newton's  Three  Laws 
of  Motion. 

§  68.  First  Law  of  Motion. — A  body  at  rest  remains  at 
rest,  and  a  bodi/  in  motion  mooes  zoith  uniform  velocity  in  a 
straight  line,  unless  acted  upon  by  some  external  force  to  change 
its  condition. 

That  part  of  the  law  which  pertains  to  motion  is  briefly  summarized  in 
the  familiar  expression,  "  perpetual  mulion."   "  Is  perpetual  motion  pos- 
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sible?"  has  been  often  asked.  The  answer  is  simple,  —  Yes,  more  than 
possible,  necessarily  if  no  force  interferes  to  prevent.  What  has  a  person 
to  do  who  would  establish  perpetual  motion?  Isolate  a  moving  body 
from  interference  of  all  external  forces,  such  as  gravity,  friction,  and 
resistance  of  the  air.     Can  the  condition  he  fulfilled? 

In  consequence  of  its  utter  inability  to  put  itself  in  motion  or 
to  stop  itself,  every  body  of  matter  tends  to  remain  in  the  state 
tliat  it  is  in  with  reference  to  motion  or  rest ;  this  inability  is 
called  inertia.  Evidently  the  term  ought  never  to  be  employed 
to  denote  a  hindrance  to  motion  or  rest.  The  First  Law  of 
Motion  is  often  appropriately  called  the  Law  of  Inertia. 

IX.     SECOND   LAW   OF   MOTION,    AND   APPLICATIONS. 

If  a  person  wished  to  describe  to  you  the  motion  of  a  ball 

struck  by  a  bat,  he  would  be  obliged  to  tell  yon  three  things : 

(1)  where  it  started.,  (2)  in  ivhat  direction  it  moved,  and  (3)  hoio 

„.    ,„  far  it  ivent.     These  three  essential 

Fijr.  70.  "^ 

elements  may  be  represented  graphi- 
cally by  lines.  Thus,  suppose  balls 
at  A  and  D  (Fig.  70)  to  be  struck 
by  bats,  and  that  they  move  respec- 
tively to  B  and  E  in  one  second.  Then  the  points  A  and  D  are 
their  starting-points  ;  the  lines  A  B  and  DE  represent  the  direc- 
tion of  their  motions,  and  the  lengths  of  the  lines  represent  both 
the  distances  traversed  and  the  relative  intensities  of  the  forces 
applied.  In  reading,  the  direction  should  be  indicated  by  the 
order  of  the  letters,  as  AB  and  DE. 

Let  a  force  whose  intensity  may  be  represented  numerically 
by  8  {e.g.,  8=),  acting  in  the  direction  AB  (Fig.  71),  be  applied 
continuously  to  a  ball  starting  at  A,  and  suppose  this  force  capa- 
ble of  moving  it  to  B  in  one  second  ;  now,  at  the  end  of  the  second 
let  a  force  of  the  intensity  4,  directed  at  right  angles  to  the  direc- 
tion of  the  former  force,  act  during  a  second,  —  it  would  move 
the  ball  to  C.  If,  however,  when  the  ball  is  at  A,  both  of  these 
forces  should  be  applied  at  the  same  time,  then  at  the  end  of  a 
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Its  path  will  not  be  A  B  nor 


Fig.  71 


second  the  ball  will  be  found  at  C. 
AD,  but  an  intermediate  one, 
AC.  Still,  each  force  produces  in 
effect  its  own  separate  result, 
for  neither  alone  would  carry  it  to 
C,  but  both  are  required.  Hence, 
the 


§  69.  Second  law  of  motion. 
—  A  given  force  has  the  same  effect 
in  producing  motion,  whether  the 
body  on  which  it  acts  is  in  motion  or  at  rest;  tchether  it  is  acted 
upon  by  that  force  alone,  or  by  others  at  the  same  time. 

§  70.  Composition  of  forces.  —  It  is  evident  that  a  single 
force,  applied  in  the  direction  AC  (Fig.  71),  might  produce  the 
same  result  that  is  produced  by  the  two  forces  AB  and  AD. 
Such  a  force  is  called  a  residtant.  A  residtant  is  a  single  force, 
that  may  be  substituted  for  tioo  or  more  forces,  and  produce  the 
same  restdt  that  the  combined  forces  produce.  The  several  forces 
that  contribute  to  produce  the  resultant  are  called  its  components. 
When  the  components  are  given,  and  the  resultant  required,  the 
problem  is  called  composition  of  forces.  The  residtant  of  tivo 
forces  acting  at  an  angle  to  each  other  is  always  a  diagonal  of  a 
parallelogram,  of  which  the  components  form  tivo  adjacent  sides. 
Thus,  the  lines  AD  and  AB  represent  respectively  the  direction 
and  relative  intensit}'^  of  each  component,  and  AC  represents 
the  direction  and  intensity  of  the  resultant. 

The  numerical  value  of  the  resviltant  may  be  found  by  com- 
paring the  length  of  the  line  AC  with  the  length  of  either  AB 
or  AD,  whose  numerical  values  are  known.  Thus,  AC  is  2.23 
times  AD;  hence,  the  numerical  value  of  the  resultant  AC  is 
4x  2.23  =  8.92. 

When  the  components  act  at  right  angles  to  each  other,  as  in 
Figure  71,  the  resultant  divides  the  parallelogram  into  two  equal 
right-angled  triangles ;  and  the  intensity  of  the  resultant  may  be 
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r.jund  by  calculating  the  hypothenuse,  having  two  sides  of  either 
triangle  given.  Thus,  V'  4'-|-  b''=  y.9-|-i  the  numerical  value  of 
the  resultant  A  C.  When  the  two  components  of  a  force,  F, 
act  at  right  angles  to  each  other  each  component  is  called  the 
resolved  part  of  the  force  F  in  the  direction  of  that  component. 
Since  no  force  has  any  effect  in  a  direction  at  right  angles  to  its 
line  of  action,  it  is  evident  that  the  re.soloed  ijart  of  a  force  iu 
any  direction  has  the  total  effect  of  that  force  in  that  direction. 
Copy  upon  paper  and  find  the  resultant  of  the  components 
A  B  and  A  C,  in  each  of  the  four  diagrams  iu  Fig.  72.     Also 

Fis;.  72. 


assign  appropriate  numerical  values  to  eacli  component,  and  find 
the  corresponding  numerical  value  of  each  resultant. 

When  more  than  two  comjjonents  are  given ^  find  the  resultant 
of  any  two  of  them,  then  of  this  resultant  and  a  third,  and  so  on 
till  every  component  has  been  used.     Thus,  in  Fig.   73,  A  C  is 

the  resultant  of  A  B  and  A  D, 
and  A  F  is  the  resultant  of  A  C 
and  A  E,  i.e.,  of  the  thiee  forces 
A  B,  A  D,  and  A  E.  (Invent 
several  problems  similar  to  this, 
iu  which  three,  four,  or  more 
forces  are  to  be  combined,  and 
work  out  the  results.) 

§  71.  Resolution  of  Forces. 
—  Assume  that  a  ball  moves  a 
certain  distance  in  a  certain  direction,  A  C  (Fig.  74),  and  that 
one  of  the  forces  that  produces  this  motion  is  represented,  iu 
intensity  and  direction,  by  the  line  A    B  ;  what  must  be  the 
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Fig.  74. 


intensity  and  direction  of  the  other  force  ?  Since  A  C  represents 
in  intensity  and  direction  the  resultant  of  two  forces  acting  at  an 
angle  to  each  other  (§  70), 
it  is  the  diagonal  of  a  paral- 
lelogram of  which  A  B  is  one 
of  the  sides.  From  C,  draw 
C  D  parallel  and  equal  to 
B  A,  and  complete  the  par- 
allelogram by  connecting 
the  points  B  and  C,  and  A  and  D.  Then,  according  to  the  prin- 
ciple of  composition  of  forces,  A  D  represents  the  intensity  and 
direction  of  the  force  which,  combined  with  the  force  A  B,  would 
move  the  ball  from  A  to  C.  The  component  A  B  being  given, 
no  other  single  force  than  A  D  will  satisfy  the  question. 

Had  the  question  been,  What  forces  can  produce  the  motion 
A  C  ?  an  infinite  number  of  answers  might  be  given.  In  a  like 
manner,  if  the  question  were,  What  numbers  added  together 
will  produce  50?  the  answer  might  be  20+30,  40+  10,  20  + 
20+10,  and  so  on,  ad  ivjinituui;  but  if  the  question  were, 
AVhat  number  added  to  30  will  produce  50?  only  one  answer 
could  be  given. 

Experiment.  Verify  the  preceding  propositions  in  the  following 
manner :  From  pegs  A  and  B 
(Fig.  75),  in  the  frame  of  a 
])lackboard,  suspend  a  known 
weight  W,  (say)  10  pounds,  by 
means  of  two  strings  con- 
nected at  C.  In  each  of  these 
strings  insert  dynamometers' 
X  and  y.  Trace  upon  tlio  black- 
board short  lines  along  tlie 
strings  from  the  point  C,  to 
indicate  tiie  direction  of  the 
two  component  forces ;  also 
trace  the  line  CD,  in  continuation  of  the  line  WC,  to  indicate  tlio 
direction  and  intensity  of  the  resultant.     Remove  the  dynamometers 

1  Dynamometcr,/orce-measMrfr.    Tlie  most  common  form  is  a  spring  balance. 


Fiir.  75. 


RESOLVED  PARTS  OF  FORCES. 


97 


extend  the  line  (as  Ca  and  Ci),  and  on  these  constrnct  a  parallelogram, 
from  the  extremities  of  the  line  C  D  regarded  as  a  diagonal.  It  will 
be  found  that  10  :  number  of  pounds  indicated  by  tlie  dynamometer 
X : :  C  D  :  Ca ;  also  tliat  10 :  number  of  pounds  indicated  l)y  the  dyna- 
mometer y  :  :  C  D  ■■  Cb.  Again,  it  is  plain  that  a  single  force  of  10 
pounds  must  act  in  the  direction  C  D  to  produce  the  same  result  that  is 
produced  by  the  two  components.  Hence,  when  iwo  sides  of  a  parallelo- 
gram represent  the  intensity  and  direction  of  two  component  forces,  the 
diagonal  represents  the  resultant.  Vary  the  problem  by  suspending  the 
strings  from  different  points,  as  E  and  F  A  and  F,  etc. 

§  716.    Finding  the  Resolved  Parts  of  Forces.  —For  the 
sake  of  brevity  we  will  call  a  force  re[)reseuted  in  intensity  by 
the  length  of  A  C  and 
in    direction    by   the       r»  FlG.A 

direction  of  A  C,  the 
force  AC.  Let  D  B 
be  a  rectangle  ( V'\g. 
A).  From  wh;it  has 
been  said  (page  95), 
it  will  appeal'  that  the 
forces  A  B  and  A  D 
are  the  resolved  parts  of  the  force  A  C  in  the  directions  of  A 
B  and  A  D,  respectively.  Now,  if  A  C  is  given,  and  the 
angle  C  A  B  is  given,  A  B  and  A  D  may  be  foiuid.  How- 
ever, as  we  wish  to  deal  only  with  very  elementary  mathe- 
matics, we  sh:dl  consider  only  those  eases  in  which  the  angle 
C  A  B  is  30°,  45°,  or  60°. 

If  the  angle  C  A  B  is  30°,  the  triangle  A  C  B  is  evidently 

half  an  equilateral  triangle  ( Kiielid  I.,  5  and  32),  and  B  C  =  i 

v/o 
A  C,  and,  therefore  A  B  =  ^^A  C  (Euclid  I.,  47).     If  the 

angle  C  A  B  is  45°,  A  B  =  B  C  (Euclid  I.,  32  and   6),   and 

therefore  A  B  =  — ^A  C  (Euclid  I.,  47) .     If  the  angle  CAB 

is  60°,  tlie  angle  A  C  B  is  30°,  and  therefore  A  B  is  *  A  C. 
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From  the  :i!iove,  of  the  truth  of  which  the  student  should 
thoroughly  satisfy  himself,  it  will  be  seen  that,  the  resolved  part 
of  a  force  F  in  a  direction  making  an  awjle  of  30°  with  its  line 

oj  action  IS  i   x :;/    if  the  WKjle  is  45°  the  resolved  part   is 


•2 


V- 


F  X ;  if  the  angle  is  60°,  the  resolved  part  isF  x  h  ;  and  if 

Li 

the  aiigle  is  90°,  the  resoloed  part  t.s  zero.  These  four  facts 
should  he  carefully  remembered  as  they  will  be  found  exceed- 
ingly useful. 

QUESTIONS. 

1.  Find  the  vertical  and  horizontal  resolved  parts  of  a  force  of 
100  lbs.,  whose  line  of  action  makes  an  angle  of  60°  with  the  vertical. 

2.  A  picture  wciglis  20  lbs.,  and  the  two  parts  of  the  suspension- 
cord  make  with  each  other  at  the  nail  an  angle  of  GO";  what  is  the 
tension  of  the  choi'd? 

3.  If  a  body  is  in  contact  with  a  smooth  surface,  why  is  the 
pressure  between  the  body  and  surface  at  right  angles  to  the  surface? 

4.  Why  is  the  pressure  between  a  fluid  and  a  surface  in  contact 
with  it  at  right  angles  to  the  surface;' 

5.  Why  cau  a  sailing  yacht  make  progress  in  a  direction  at  right 
angles  to  the  directiou  in  which  the  wind  is  blowing?  In  what  position 
must  its  sail  be  set? 

6.  What  is  the  force  which  raises  a  kite? 
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Fig.  s.  Composition  of  Forces 

B     by  First  Finding  Resolved 

Parts. —  Let  two  forces  of 
14  lbs.  and  10  lbs.  act  along 
the  lines  A  B  and  A  C  (Fig. 
B),  and  let  the  angle  B  A  (' 
=  G0°.  Find  tlie  resultant 
of  tliese  two  forces. 

For  the  force  of  10  lbs., 
substitute  its  resolved  parts 
along  A  B  and  A  H. 
Since  tl»e  angle  B  A  C  =  C,0°.  nnd  angle  C   A  H  =30°,  these 
resolved  parts  are  5  11)S.  along  A  !>  and  .">  V  3  lbs  along  A  IT. 
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Hence,  the  original  forces  have  the  same  effect  as  a  force  of 
19  lbs.  along  A  B,  and  a  force  of  5  \/6  lbs.  along  A  H. 

Now,  since  A  B  and  A  H  are  at  right  angles,  the  resultant  of 
these  forces  =  \/ {\'d)^-\-{i)  x  ^/'6)'^  lbs. 

Let  two  forces  of  6  lbs.,  and  4  lbs.,  act  along  the  lines  A  B 
and  A  C  (Fig.  C),  and  let  the  angle  B  A  C  =  7')°.  Find 
the  resultant  of  these  two  forces. 


Draw    A    H , 

making  the  angle 


Fig.    C. 


BAH 


MY 


and  draw  N  A  K 

at  right  angles  to 
AH. 

Now  it  is  easi- 
ly seen  that  — 
the  angles 

B  A  N  =  ('.0°  ; 

C  A  N  =  45°; 

C  A  K  =  45°. 

For    the    force 
of  6  lbs.,   acting 
along  A  B,  sub- 
stitute  its   resolved  parts,  3  lbs.,  along  A  N  and  3/^/3   lbs. 
along  A  H. 

For  the  force  of  4  lbs.   along  A  C,   substitute  its   resolved 
parts,  2^2  lbs.  along  A  H,  and  2  \/  2  lbs.  along  A  K. 

Hence   the  original   forces  have   the  same  effect  as  (3  \/  3  -f- 
2/v/  2)  lbs.  along  A  H,  and  (3  —  2\/2)  lbs.  along  A  N. 

Now,  since  A  H  and  A  N  are  at  right  angles,  the  resultant  of 
these  force'^  =  \^(3  \/3 -(- 2 -y/ 2)' -|-  (3  —  2  V^)'  lbs. 

Let  three  forces  of  8  lbs.,  5  lbs.,  and  6  lbs.,  act  along  A  B, 
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A  C,  and  A  D  (Fig.  D).  Let  the  angle  B  A  C  =  60°,  and  let 
the  angle  C  A  D  ==  GU°.  Find  the  resultant  of  these  three 
forces. 

Draw  H  A  K  at  right  angles  to  A  C, 

Now  it  is  easily  seen  tliat  — 

The  angle  B  A  11  =  30°; 
"        "     D  A  K  =  3U°. 


"/  ,,         Fig.  D. 

4-V3 


For  the  force  of  8  lbs.  acting  along  A  B,  substitute  its  re- 
solved parts,  4  lbs.,  along  A  C,  and  4  v/3  lbs.  along  A  H. 

For  the  force  of  6  lbs.  acting  along  A  D,  substitute  its 
resolved  parts,  3  lbs.,  along  AC,  and  3  \/ :)  lbs.  along  A  K. 
Hence  the  oiiginal  3  forces  have  the  same  effect  as  a  force  of 
(5  +  4  +  3)  lbs.  12  lbs.  along  A=C,  and  (4  >v/3  —  3  \/ 3)lbs. 
s=  \/3  lbs.  along  A  H. 

Now,  since  A  C  and  A  H  are  at  right  angles,  the  resultant  of 
of  these  forces  =  \/(12)='+  (V3  )'  lbs. 
=  Vuf  lbs. 
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lu  a  similar   manner  may  be  found  the  resultants  of  other 
systems  of  forces. 

QUESTIONS. 

1.  Two  forces  each  of  50  lbs.  act  at  a  point  at  an  angle  of  60°; 
find  tlie  resultant. 

2.  Forces  of  12  and  20  lbs.  respectively  act  at  a  point  at  an  angle 
of  G0° ;  find  the  resultant. 

3.  Forces  of  8  and   10  lbs.  respectively  act  upon  a  particle  at  an 
angle  of  30°;  find  tlie  resultant. 

4.  Two  forces  each  of  6  li^s.  act  at  a  point  at  an  angle  of  45°;  find 
the  resultant. 

5.  Forces  of  10  and  12  v';)  lbs.  respectively  act  at  a  point  at  an 
angle  of  150° ;  find  the  resultant. 

6.  Find  the  resultant  of  two  forces  of  8  and  10  lbs.  acting  at  a  point 
at  an  angle  of  15°. 

7.  Two  forces  of  15  and  40  lbs.  respectively  act  at  a  point  at  an 
angle  of  120°;  find  their  resultant. 

8.  Two  forces  acting  at  angle  of  135°  have  a  resultant  of  10  VE 
Ibs.,one  of  the  fcs.  is  30  lbs.,  find  the  other. 

9.  Two  forces  of  10  and  12  lbs.  act  at  a  point  at  an  angle  of  75°; 
find  their  resultant. 

10.  Two  forces  of  30  and  35  ^2  lbs.  are  kept  in  equilibrium  by  a 
force  of  5  -^218 ;  find  the  angle  between  the  fcs. 

11.  Two  equal  forces  act  at  an  angle  of  120°;  their  resultant  is  10 
lbs. ;  find  the  fcs. 

12.  A  B DC  is  a  rhombus,  having  the  angle  at  A  =  60°;  A  T>,  C  B, 
intersect  in  E;  fcs.  act  along  A  B,  A  D,  A  E,  and  B  E,  and  are  propor- 
tioned to  them;  find  magnitude  of  their  resultant,  if  the  force  A  B  is 
12  lbs. 
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13.  If  a  force  of  60  lbs.  be  resolved  into  two  equal  fcs.  acting  at  an 
angle  of  30°,  what  is  the  magnitude  of  either  component? 

14.  The  resultant  of  two  equal  fcs.  acting  at  an  angle  of  135°  is  20 
lbs. ;  find  the  components. 

15.  The  resultant   of  two  fcs.  in  the  ratio  of  2 :  3,   acting  at  an 
angle  of  159°  is  24  lbs. ;  flud  the  forces. 

16.  The  resultant  of  two  fcs.  acting  at  an  angle  of  C0°  is  21  lbs.; 
one  of  the  components  is  9  lbs.;   find  the  other. 

§  72.  Composition  of  parallel  forces,  —  If  the  strings  CA 
and  CR  (Fig.  75)  are  brought  near  to  each  other,  as  when  sus- 
pended from  B  and  E,  so  that  the  angle  formed  by  them  is 
diminished,  the  component  forces,  as  indicated  by  the  dyna- 
mometers, will  decrease,  till  the  two  forces  become  parallel, 
when  the  sum  of  the  components  just  equals  the  weight  W. 
Hence,  (1)  two  or  more  forces  applied  to  a  body  act  to  the  greatest 
advantage  when  they  are  parallel^  and  in  the  same  direction,  in 
which  case  their  resultant  equals  their  sum. 

On  the  other  hand,  if  the  strings  are  separated  from  each 
other,  so  as  to  increase  the  angle  formed  by  them,  the  forces 
necessary  to  support  the  weight  increase  until  they  become  ex- 
actly opposite  each  other,  when  the  two  forces  neutralize  eacli 
other,  and  none  is  exerted  in  an  upward  direction  to  support  the 
weight.  If  the  two  strings  are  attached  to  opposite  sides  of  the 
weight  (the  weight  being  supported  by  a  third  string),  and 
pulled  wath  equal  force,  the  weight  does  not  move.  But  if  one 
is  pulled  with  a  force  of  15  pounds,  and  the  other  with  a  force 
of  10  pounds,  the  weight  moves  in  the  direction  of  the  greater 
force  ;  and  if  a  third  dynamometer  is  attached  to  the  weight,  on 
the  side  of  the  weaker  force,  it  is  found  that  an  additional  force 
of  5  pounds  must  be  applied  to  prevent  motion.  Hence,  (2) 
when  two  or  more  forces  are  applied  to  a  body,  they  act  to  greater 
disadvantage  the  farther  their  directions  are  removed  from  one 
another;  and  the  resxdt  of  parallel  forces  acting  in  opposite  direc- 
tions is  motion  in  the  direction  of  the  greater  force,  proportionate 
to  their  difference. 
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Fig.  76. 
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When  parallel  forces  are  not  applied  at  the  same  point,  the 
question  arises,  What  will  be  the  point  of  application  of  their 
resultant?  To  the  opposite  extremities  of  a  bar  AB  apply  two 
sets  of  weights,  which 
shall  be  to  each  other  ars 
3:1.  The  resultant  is  a 
single  force,  applied  at 
some  point  between  A 
and  B.  To  find  this 
point  it  is  only  necessary 
to  find  a  point  where  a  single  force,  applied  in  an  opposite 
direction,  will  prevent  motion  resulting  from  the  parallel  forces  ; 
in  other  words,  to  find  a  point  where  a  support  may  be  applied 
so  that  the  whole  will  be  balanced.  That  point  is  found  by  trial 
to  be  at  the  point  C,  which  divides  the  bar  into  two  parts  so 
that  AC  :  CB  :  :  1  :  3.  Hence,  (3)  when  tivo  parallel  forces  act 
upo7i  a  body  in  the  same  direction^  the  distances  of  their  poirits  of 
aptplication  from  the  point  of  application  of  their  resultant  are 
inversely  as  their  intensities. 

The  dynamometer  E  indicates  that  a  force  equal  to  the  sura 
of  the  two  sets  of  weights  is  necessary  to  balance  the  two  forces. 
A  force  whose  effect  is  to  balance  the  eflTects  of  several  compo- 
nents is  called  an  equilibrant.  The  resultant  of  the  two  com- 
ponents is  a  single  force,  equal 
to  their  sum,  applied  at  C  in  the  " 

direction  CD. 


§  73.  Couple.  — If  two  equal, 
parallel,  and  opposite  forces  are 
applied  to  o[)posite  extremities  of 
a  stick  AB  (Fig.  77),  no  single 
force  can  be  applied  so  as  to  keep  the  stick  from  moving ;  there 
will  be  no  motion  of  translation,  but  simply  a  rotation  around 
its  middle  point  C.  Such  a  pair  of  forces,  equal,  parallel,  and 
opposite,  but  not  in  the  same  line,  is  called  a  couple. 
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PROBLEMS,    ETC. 

1.  A  man  and  a  boj',  grasping  opposite  ends  of  a  pole  3"i  long,  sup- 
port thereon  a  weiglit  of  50''  between  them.  Where  sliould  the  weight 
be  placed  that  the  boy  may  support  20"^? 

2.  If  the  weight  were  placed  40<^"'  from  the  man,  how  much  would 
each  support? 

3.  Suppose  that  a  boat  is  headed  directly  across  si  river  half  a  mile 
wide,  and  is  rowed  with  a  velocity  that  would  land  it  upon  the  opposite 
shore  in  half  an  hour,  if  there  were  no  current;  but  the  current  carries 
the  boat  down  the  stream  at  the  rate  of  one  mile  an  hour.  Where  will 
the  boat  land? 

4.  How  far  will  it  travel? 

5.  How  long  will  it  be  in  crossing  the  river? 

6.  A  ship  is  sailing  due  south-east  at  the  rate  of  10  miles  per  hour; 
what  is  its  southerly  velocity  ? 

7.  Find,  both  by  construction  and  calculation,  the  intensity  of  two 
forces,  acting  at  right  angles  to  each  other,  that  will  support  a  weight 
of  15  pounds. 

8.  Verify  the  results  with  dynamometers. 


X.      OTHER   APPLICATIONS    OF   THE    SECOND    LAW   OF   MO- 
TION. —  CENTER   OF  GRAVITY. 

Let  Figure  78  represent  any  bod}'  of  matter ;  for  instance,  a 
stone.     Every  molecule  of  the  body  is  acted  upon  by  tlie  force 

of  gravity  ;  tlie  intensit}'  of  this  force  is 
measured  by  the  weight  of  the  molecule. 
Tlie  forces  of  gravity  of  all  the  molecules 
form  a  set  of  parallel  forces  acting  verti- 
cally downward,  tlie  resultant  of  which 
ccjuals  their  sum,  and  has  the  same  direction 
i  as  its  comi)onents.     The  resultant  has  a 

I  definite  point  of   application  in  whatever 

_i  position  the  body  may  be,  and  this  point 

is  called  its  center  of  gravity.  The  center 
of  gravity  {e.g.)  of  a  body  is,  therefore.,  the  poivt  of  application 
of  the  resultant  of  all  these  forces;  and  for  many  purposes  the 
ivhole  weiglit  of  the  body  may  be  supposed  to  be  concentrated  at 
its  center  of  gravity.  Hence  matluMnaticians,  by  the  place  of  a 
body,  usually  mean  that  point  where  the  c.  g.  is  situated, 


CENTER   OF   GRAVITY.  105 

Let  G  in  the  figure  represent  this  point.  For  many  practical 
purposes,  then,  we  ma}'  consider  that  gravit}^  acts  onl}"  upon  this 
point,  and  in  the  direction  GF.  If  the  stone  falls  freely,  this 
point  cannot,  in  obedience  to  the  first  law  of  motion,  deviate 
from  a  vertical  path,  however  much  the  body  may  rotate  during 
its  fall.  Inasmuch,  then,  as  the  e.g.  of  a  falling  body  always 
describes  a  definite  path,  a  line  GF  that  represents  this  path, 
or  the  path  in  which  a  body  supported  tends  to  move,  is  called 
the  line  of  direction.  The  centre  of  gravity  is  often  called 
the  centre  of  inertia,  and  this  latter  name  is  very  appropriate 
when  we  are  speaking  of  this  point  with  reference  to  the  mass 
of  the  body  instead  of  with  reference  to  its  weight.  (§§  7,  19.) 

It  is  evident  that  if  a  force  equal  to  its  own  weight  and 
opposite  in  direction  is  applied  to  a  body  anywhere  in  the  line 
of  direction  (or  its  continuation),  this  force  will  be  the  equi- 
librant  of  the  forces  of  gravity  ;  in  other  words,  the  bod}'  sub- 
jected to  such  a  force  is  in  equilibrium,  and  is  said  to  be  siq)- 
ported,  and  the  equilibrant  is  called  its  supx)OTting  force.  To 
suj)port  any  body,  then,  it  is  only  necessary  to  provide  a  support 
for  its  center  of  gravity.  The  supporting  force  must  be  applied 
somewhere  in  the  line  of  direction,  otherwise  the  body  will  fall. 

Experiment.  —  Place  a  stick  of  wood,  two  meters  long,  horizontally 
across  the  tip  end  of  a  finger.  Wheu  you  succeed  in  getting  the  finger 
directly  under  its  e.g.,  it  will  rest,  but  not  till  then.  The  difficulty  of 
poising  a  book,  or  any  other  object,  on  the  end  of  a  finger,  consists 
wholly  in  keeping  the  support  under  the  center  of  gravity. 

Figure  79  represents  a  toy  called  a  "witch,"  consisting  of  a 
cylinder    of    pith     terminating    in    a  y^„  -.g 

hemisphere  of  lead.  The  toy  will  not 
lie  in  the  position  shown  in  the  figure 
on  a  horizontal  surface  ab,  because 
the  support  is  not  applied  immediately 
under  its  e.g.  at  G  ;  but,  when  placed  horizontally,  it  immedi- 
ately assumes  a  vertical  position.  It  appears  to  the  observer 
to  rise  ;  but,  regarded  in  a  mechanical  sense,  it  really  falls,  be- 


106 


DYNAMICS. 


cause  its  c.  g.,  where  all  the  weight  is  supposed  to  be  concen- 
trated, takes  a  lower  position. 

Whether  a  body  ivill  stand  or  fall  depends  upon  whether  or  not 
its  line  of  direction  falls  loithin  its  base.  The  base  of  a  body  is 
not  necessarily  limited  to  that  part  of  the  under  surface  of  a  body 
that  touches  its  support.  For  example,  place  a  string  around 
the  four  legs  of  a  table  close  to  the  floor :  the  rectangular  figure 
bounded  by  the  string  is  the  base  of  the  table.  (What  is  the 
base  of  a  man  when  standing  on  one  foot?  on  two  feet?) 

§  74.  How  to  find  the  center  of  gravity  of  a  body.  — 
Experiment.  Attach  a  striug  to  a  potato  by  means  of  a  tack,  as  in 
Fi^'ure  80,  and  suspend  from  the  hand.  When  the  potato  comes  to  rest 
Fis-.  80.  there  will  be  an  equilibrium  of  forces,  and 

the  CSC.  must  be  in  the  same  line  with  the 
equilibrant  of  gravity ;  hence,  if  a  knitting- 
needle  is  thrust  vertically  tlirough  tlie  po- 
tato from  a,  so  as  to  represent  a  continua- 
tion of  the  vertical  Hue  oa,  the  e.g.  must 
lie  somewhere  in  the  path  an  made  by  tlie 
needle.  Suspend  the  potato  from  some 
other  point,  as  b,  and  a  needle  thrust  verti- 
cally through  the  potato  from  b  will  also 
pass  through  the  e.g.  Since  the  e.g.  lies 
in  both  the  lines  an  and  bs,  it  must  be  at  c, 
their  point  of  intersection.  It  will  be  found  that,  from  whatever  point 
the  potato  is  supported,  the  point  r  will  always  be  vertically  under  the 
point  of  support.  On  the  same  principle  the  e.g.  of  any  body  is  found. 
But  the  e.g.  of  a  body  may  not  be  coincident  with  any  particle  of  the 
body ;  for  example,  the  e.g.  of  a  ring,  a  hollow  sphere,  etc. 

§  75.  Three  states  of  equilibrium.  —  Tin;  weight  of  a 
body  is  a  force  tending  downward  ;  hence,  a  body  tends  to  as- 
sume a  position  such  that  its  e.g.  will  be  as  loio  as  possible. 

Experiment  1.  Try  to  support  a  ring  on  the  end  of  a  stick,  as  at 
h  (Fig.  HI).  If  you  can  keep  the  support  exactly  under  the  e.g.  of  the 
ring,  there  will  be  an  ecpiilibrium  of  forces,  and  the  ring  will  remain  at 
rest.  But  if  it  is  slightly  disturbed,  the  equilibrium  will  be  destroyed, 
and  the  ring  will  fall.     Support  it  at  a.     Have  you  any  dilliculty  in  sup- 
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porting  it  in  this  position?    Disturb  the  ring  and  remove  the  disturbing 
force.     What  happens?    Wliy? 

A  body  is  said  to  be  in  stable  equilibrium,  if  its  position  is 
such  that  a  disturbance  would  raise  ite  j,^^  gj 

c.ff.,  since  in  that  event  it  would  tend  to 
return  to  its  original  position.  On  the 
other  hand,  a  body  is  said  to  be  in  iin- 
stable  equilibrium  when  a  disturbance 
would  lower  its  e.g.,  since  it  would  not 
return  to  its  original  position. 

A  body  is  said  to  be  in  neutral  or  in- 
different equilibrium  when  it  rests  equally 
well  in  any  position  in  which  it  may  be 
placed.  A  sphere  of  uniform  density, 
resting  on  a  horizontal  plane,  is  in  neutral  equilibrium,  because 
its  e.g.  is  neither  raised  nor  lowered  by  a  change  of  base.  Like- 
wise, when  the  support  is  applied  at  the  e.g.,  as  when  a  wheel 
is  supported  by  an  axle,  the  body  is  in  neutral  equilibrium. 

It  is  evident  that,  if  the  e.g.  is  beloiv  the  support,  as  in  the  last 
experiment  with  the  ring,  the  equilibrium  must  be  stable;  but,  as 
in  Figure  79,  a  body  may  be  in  stable  equilibrium,  though  its 
e.g.  is  above  the  point  of  support.     (When  is  this  possible?) 

It  is  difficult  to  balance  a  lead-pencil  on  the  end  of  a  finger ; 
but  by  attaching  two  knives  to  it,  as  in  Figure  82, 
the  e.g.  may  be  brought  below  the  support,  and  it 
may  then  be  rocked  to  and  fro  without  falling. 

§  76.  Stability  of  bodies.  —  The  ease  or  diffi- 
culty with  which  bodies  supported  at  their  bases  are 
overturned  depends  upon  the  hight  to  which  their 
c.  g.  must  be  raised  in  overturning  them,  and 
upon  the  weight  of  the  bodies.  The  letter  c 
marks  the  position  of  the  c.  g.  of  each  of  the 
ies  A,  B,  C,  and  D.  To  turn  any  one  of  these  bodies  over, 
its  c.  g.  must  pass  through  the  arc  ci,  and  be  raised  through  the 
hight  ai.    By  comparing  A  with  B,  and  supposing  them  to  be 
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of  equal  weight,  we  learu  that  nf  tioo  bodies  of  equal  liiglit  and 
weight,  the  e.g.  of  that  body  which  has  the  larger  base  must  be 
raised  higher,  and  is,  therefore,  overturned  ivith  greater  difficulty. 
A  comparison  of  A  and  C,  supposing  them  to  be  of  equal 
weight,  sliows  that  whe7i  two  bodies  have  equal  bases  and  weights, 
the  higher  body  is  more  easily  overturned.  D  and  C  have  equal 
bases  and  hights,  but  D  is  made  heavy  at  the  bottom,  and  this 
lowers  its  e.g.  and  gives  it  greater  stability. 

n?.  83. 


QUESTIONS. 


1.  Where  is  the  e.g.  of  a  box? 

2.  Why  is  a  pyramid  a  very  stable  structure  ? 

3.  What  is  the  object  of  IjuUast  iu  a  aosscI  J* 

4.  State  several  ways  of  giving  stability  to  an  inkstand? 

5.  (a)  In  what  position  would  you  place  a  cone  on  a  horizontal 
plane,  that  it  may  be  in  stable  equilibrium  ?  (ft)  That  it  may  be  in  neu- 
tral equilibrium  ?     (c)  That  it  may  be  in  unstable  equilibrium  ? 

6.  In  loading  a  wagon,  where  should  the  heavy  luggage  be  placed  ? 
Why  ? 

7.  Why  are  bipeds  slower  in  learning  to  walk  than  quadrupeds  ? 

8.  Why  is  mercury  placed  in  the  bulb  of  a  hydrometer  ? 

9.  How  will  a  man  rising  in  a  boat  affect  its  stability  ? 

10.  Which  is  more  liable  to  be  overturned,  a  load  of  hay  or  a  load  of 
stone  of  equal  weight  ? 

11.  (a)  How  would  you  place  a  book  upon  a  table,  that  it  may  be  in 
stable  equilibrium  ?     (6)  That  it  may  be  in  unstable  equilibrium? 
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XL       OTHER     APPLICATIONS     OF     THE     SECOND     LAW    OF 
MOTION.  —  CURVILINEAR    MOTION. 

According  to  the  first  law  of  motion,  ever}-  moving  body  pro- 
ceeds in  a  sti'aight  line,  unless  compelled  to  depart  from  it  by 
some  external  force.  If  the  external  force  is  continuous,  i.e., 
acts  at  every  point,  the  direction  is  changed  at  every  point,  and 
the  result  is  a  curvilinear  motion;  and  if  tlie  force  is  constant, 
and  acts  at  right  angles  to  the  path,  the  curve  becomes  a  circle. 

Thus,  suppose  a  ball  at  A  (Fig.  84),  suspended  l)y  a  string  from  a 
poiut  d,  to  be  struck  by  a  bat,  in  a  manner  that  would  cause  it  to  move 
in  the  direction  Ao.  At  the  same  time  it  is  restrained  from  takiug  that 
path  by  the  tension  of  the  string,  which 
operates  like  a  force  drawing  it  toward 
d.  It  therefore  takes,  iu  obedience  to 
the  two  forces,  an  intermediate  course 
toward  c.  At  c  its  motion  is  in  the  di- 
rection en,  in  which  path  it  would  move, 
but  for  the  string,  in  accordance  with 
the  first  law  of  motion.  Here,  again,  it 
is  compelled  to  take  an  intermediate 
path  toward  e.  Thus,  at  every  point, 
the  tendency  of  the  moving  body  is  to 
preserve  the  direction  it  has  at  that 
poiut,  and  consequently  to  move  in  a 
straight  line.     The  only  reason  it  does 

not  so  move,  is  that  it  is  at  every  point  forced  from  its  natural  path 
by  the  pull  of  the  string.  But  if,  when  the  ball  reaches  the  point  i, 
the  string  is  cut,  the  l)all,  having  no  force  operating  to  change  its  mo- 
tion, continues  in  the  direction  in  which  it  is  moving  at  that  poiut; 
I.e.,  in  the  direction  ill,  which  is  a  tangent  to  its  former  circular  path. 

This  tendency  of  a  body  moving  iu  a  curvilinefir  path  to  fly 
off  in  a  straight  line  has  been  erroneously  attributed  to  a  sup- 
posed "centrifugal  force,"  which  is  constantly  urging  it  away 
from  the  center,  its  escape  being  prevented  only  by  a  force 
pulling  it  toward  tlie  center. 

C^entrifugal  force  has  in  reality  no  existence ;  the  results  that 
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are  commonlj'  attributed  to  it  are  due  entirely  to  the  tendency 
of  moving  bodies  to  move  in  straiglit  lines  in  consequence  of 
their  inertia.  If  a  moving  bod}'  is  to  describe  a  curvilinear 
path,  a  force  called  a  centripetal  force  must  be  constantl}'  applied 
to  it  at  an  angle  to  its  otherwise  straight  path.  [We  shall  make 
use  of  the  expression  centrifugal  force  for  want  of  a  better  one. 
and  because  it  has  obtained  universal  currenc}-.] 

The  greater  the  velocit}'  of  the  moving  body,  the  gi'eater  must 
be  the  force  applied  to  produce  a  given  departure  from  a  straiglit 
line.  This  may  be  shown  by  suspending  a  weight  to  a  dyna- 
mometer, and  swinging  them  about  the  hand.  If,  when  30 
revolutions  are  made  in  a  minute,  the  force,  as  indicated  by  the 
dynamometer,  is  4  pounds,  then,  on  doubling  its  velocity,  the 
force  will  be  increased  to  16  pounds.  If  the  weight  is  doubled 
and  the  velocity  remains  the  same,  this  force  will  be  doubled. 
Hence,  to  produce  circular  motion,  the  centripetal  force  must  be 
inc7'easecl  as  the  square  of  the  velocity  increases,  and  as  the  mass 
increases. 

The  farther  a  point  is  from  the  axis  of  motion,^  the  farther  it 
has  to  move  during  a  rotation,  consequently  the  greater  its 
velocity.  Hence,  bodies  situated  at  the  earth's  equator  have 
the  greatest  velocity,  due  to  the  earth's  rotation,  and  consequently 
the  greatest  tendency  to  fl}'  off  from  the  surface,  the  effect  of 
which  is  to  neutralize,  in  some  measure,  the  force  of  gravit3^  It 
is  calculated  that  a  bod}'  weighs  about  -^^  less  at  the  equator  than 
at  either  pole,  in  consequence  of  the  greater  centrifugal  force  at 
the  former  place.  But  289  is  the  square  of  17;  hence,  if  the 
earth's  velocity  were  increased  seventeen-fold,  objects  at  the 
equator  would  weigh  nothing. 

We  have  also  learned  (§21)  that  a  body  weighs  more  at 
the  poles  in  consequence  of  the  oblateness  of  the  earth.  This 
is  estimated  to  make  a  difference  of  about  3-^^.  Hence,  a  body 
will  weigh  at  the  equator  about  5^  +  ^^  =  ywj  ^^ss  than  at  the 
l)oles. 
>  Axis,  an  imaginary  straight  line  passing  through  a  Ijody  aboii^  which  it  rotates, 
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JExperiment.  Arrange  some  kind  of  rotating  apparatus,  e.g.,  A^ 
Fig.  84.  Suspend  a  skein  of  thread  a.  by  a  string,  and  rotate.  Sus- 
pend a  glass  fish  aquarium  e,  about  oue-tenth  full  of  colored  water,  and 


rotate.    Pass  a  string  through  the  longest  diameter  of  an  onion  c,  and 
rotate.     State  and  explain  the  result  in  each  case. 


QUESTIONS. 

1.  Why  does  not  the  sphere  d  (Fig.  85)  change  its  position  when 
rotated? 

2.  State  the  various  facts  illustrated  in  the  act  of  slinging  a  stone. 

3.  (a)  When  will  water  and  mud  fly  ofi"  from  the  surface  of  a  re- 
volving wheel?  (6)  Why  do  they  fly  oft"?  (c)  In  what  direction  do 
they  fly? 

4.  What  is  the  force  that  keeps  the  earth  and  the  other  planets  in 
their  orbits? 

5.  How  do  you  account  for  their  curvilinear  motion? 
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XII.     OTHER   APPLICATIONS   OF   THE    SECOND   LAW   OF 
MOTION. —  ACCELERATED    AND   RETARDED   MOTION. 

§  77.  Accelerated  motion  or  velocity.  —  So  far  the  only 
case  of  motion  under  the  action  of  a  continuous  force  that  we 
have  studied  is  that  of  curvilinear  motion,  in  which  the  force 
acts  at  an  angle  to  the  direction  of  the  motion  at  evevy  point, 
and  so  the  direction  of  the  force  is  constantly  changing ;  but  if 
the  motion  takes  place  in  tlie  same  straight  line  as  that  in  which 
the  force  acts,  we  shall  have  one  of  the  cases  of  varied  motion 
referred  to  in  §  67. 

Even  if  several  men  push  against  a  heavy  car  we  may  be  un- 
able to  recognize  any  motion  for  two  or  three  seconds  ;  but,  if 
they  continue  to  exert  force  upon  the  car,  it  will  move  with 
greater  and  greater  velocity  until  the  resisting  force  (which  in- 
creases with  the  velocity)  becomes  equal  to  that  api)lied  by  the 
men.  This  continually  increasing  velocity  is  termed  acceler- 
ated velocity. 

The  most  familiar  illustration  is  that  of  falling  bodies.  We 
are  sufficiently  aware  of  the  difference  in  the  results  that  would 
follow  a  jump  from  a  fifth-story  window  and  a  jump  from  a 
first-story  window.  Inasmuch  as  the  velocity  of  falling  bodies 
is  so  great  that  there  is  not  time  for  accurate  ol)servation  durino- 
their  fall,  we  must  resort  to  some  method  of  checking  their 
velocit}',  without  otherwise  changing  the  character  of  the  fall. 

Kxporlment.     Take  a  smooth  board  (Fie:.  8(5),  about  4™  long,  and 

place  it  so  thai  one  end  shall  he  uljout  4'^^'"  liiglier  than  the  other.     Su.s- 

peiul  within  easy  view 
Fig.  86. 

a  strinir  (al)out  !■"  lonp) 

and  i)all,  as  a  pendulum, 
ami  draw  a  line  just  un- 
der the  ball.  Set  it  in 
vibration,  and,  at  the  instant  the  ball  crosses  the  line,  let  a  marble  begin 
to  roll  down  the  inclined  plane.  Let  another  person  mark  the  point  on  the 
board  that  the  l)all  i-eaches  at  the  end  of  one  swing  of  the  pendulum. 
Repeat  the  operation  several  times,  and  mark  liic  point  that  it  readies 
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at  the  end  of  the  second  and  third  swings;  also  verify  the  preceding 
points  by  several  trials;  if  there  is  a  difference,  take  the  mean  dis- 
tance between  the  points  obtained  at  the  end  of  a  given  swing  for  an 
approximate  result.  If  the  experiment  is  conducted  with  care,  it  will 
be  found  that  during  the  first  swing,  which  we  call  a  unit  of  time  (T), 
the  marble  moves  through  a  certain  space,  which  we  represent  by  the 
expression  |A:;  during  the  second  unit  of  time  it  moves  through  |A', 
three  times  the  space  that  it  did  in  the  first  unit  of  time ;  and  during 
the  third  unit  of  time  it  moves  through  |  k. 

Arrange  the  results  of  your  observations  in  a  tabulated  fonn  as  fol- 
lows :  — 


No.  of  units  of 
time. 

Total  dist.ince 
paissed  over. 

Distance  passed 
over    in    each 
unit;  also  av- 
erage  velocity. 

Increase  of  ve- 
locity in  each 
unit,  i.e.,  ac- 
celeration. 

Velocity  at  the 
end    of    each 
unit. 

1 

1  (I/O 

1  (UO 

2  i\A-) 

2  ^  ]  k) 

2 

4     " 

3     " 

2     " 

4     " 

3 

9     " 

5     " 

2     " 

G     " 

4 

1(J     " 

7     " 

2     " 

8     " 

etc. 

etc. 

etc. 

etc. 

etc. 

Tho  marble,  under  the  influence  of  gravity,  starts  from  a 
state  of  rest,  and  moves  tlirougli  one  space  in  a  unit  of  time. 
Gravity,  continuing  to  act,  accomplislies  no  more  nor  less  dur- 
ing any  subsequent  unit  of  time.  But  the  marble  moves  through 
three  spaces  during  the  second  unit ;  hence,  two  of  the  spaces 
must  be  due  to  the  motion  it  had  acquired  during  the  first  unit. 
In  other  words,  if  the  action  of  gravit}^  were  suspended  at  the 
end  of  the  first  unit,  the  marble  would  still  move  on,  and  would 
pass  through  two  spaces  during  the  second  unit.  It  therefore 
has  at  the  end  of  the  first  unit  a  velocity  (V)  of  two  spaces  (k) 
per  unit  of  time.  But  it  started  from  a  state  of  rest ;  hence  the 
constant  action  of  gravity  causes,  during  the  first  unit,  an 
acceleration  of  velocity  equal  to  two  spaces  (k)  per  unit  of  time  ; 
and  it  causes  the  same  acceleration  duiing  eveiy  subsequent 
unit  of  time.  The  distance  k  is  called  the  acceleration  per  unit 
of  time  in  a  unit  of  time,  due  to  the  constant  force.  A  b'ldy  im- 
yelled  by  a  single  constant  force,  and  encountering  no  resistances, 
always  has  a  uniformly  accelerated  motion. 
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§  78.  Formulas  for  Uniformly  Accelerated  Motion.  — 
From  the  preceding  article  it  is  seen  that  the  average  velocity 
of  a  body  having  a  uniformly  accelerated  motion  is  half  the 
sum  of  its  initial  and  final  velocities. 

Let  u  =  measure  of  initial  velocity. 


V  =           " 

i  1. 

final 

A.-  = 

a 

acceleration. 

t  =        " 

i  i 

time  of  motion. 

s  =         " 

!.(. 

distance  traversed  in  time  t 

s  = 

•J 

X 

t 

V  =  u  -{-  k  t 

2  u-\-kt 

V   t 

But 


2 
=  n   t-\-^kt'' 
Of  course,  if,  at  the  beginning  of  the  time  i,  the  body  is  at 
rest,  w  =  0. 

§  79     Velocity  of  a  falling  body  independent  of  its 

mass  and  kind  of  matter.  —  If  we  grasp  a  coin  and  a  feather 

„.    „,      between  the  thumb  and  finsj;er,  and  release  both  at  the 

Fig.  8(.  »      ' 

same  instant,  the  coin  will  reach  the  floor  first.  It 
would  seem  as  though  a  heavy  body  falls  faster  than 
a  light  body.  Galileo  was  the  first  to  show  the  falsity 
of  this  assumption.  He  let  drop  from  an  eminence 
iron  balls  of  different  weights  ;  they  all  reached  the 
ground  at  the  same  instant.  Hence,  he  concluded, 
that  the  velocity  of  a  falling  body  is  independent  of  its 
mass.  (This  celebrated  exi)eriment  should  be  re- 
peated by  every  student.) 

He  also  dropped  l)alls  of  wax  with  the  iron  balls. 

The  iron   balls  reached   the  ground  first.      Are  some 

kinds  of  matters  affected  more  strongly  by  gravitation 

than  others?     If  a  coin  and  a  feather  are  placed  in  a 

long  glass  tube  (Fig.  87),  and  the  air  exhausted,  nnd  the  tube 

turned  end    for  end,   it  wi'l    be    found    that  the  coin  and  the 
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feather  will  fall  with  equal  velocities.  Hence,  gravity  attracts 
all  matter  alike;  but,  inasmuch  as  a  wax  ball  presents,  accoi cl- 
ing to  the  amount  of  matter  in  each,  more  surface  for  resist- 
ance  of  the  air  than  an  iron  ball,  it  falls  more  slowly.  We 
conclude,  therefore,  that  all  bodies  fall  with  equal  xelodties  in 
a  vacuum. 

When  the  body  falls  freely,  and  the  unit  of  time  is  one 
second,  we  use  the  letter  g  instead  of  k  to  represent  the 
acceleration.  Experiments  show  that  in  the  latitude  of 
Ontario  the  value  of  g  is  9. 8"",  or  about  32^  ft.  per  second  ; 
that  is,  the  velocity  gained,  if  the  force  of  gravity  acts  one 
second,  is  9. 8"*  per  second,  and  the  body  would  fall  in  the  first 
second  4.9"",  or  IG^g-  ft. 

§  80.  Retarded  Motion.  —  If  we  reverse  the  order  of  the 
figures  in  Fig.  86,  the  same  diagram  will  represent  the  motion 
of  a  body  rolling  upward,  or  the  motion  of  a  body  under  the  in- 
fluence of  a  retarding  force.  The  formulas  given  (§78)  for 
finding  velocities,  etc.,  of  bodies  having  uniformly  accelerated 
motion,  may  be  used  for  finding  velocities,  etc.,  of  bodies  having 
uniformly  retarded  motion  ;  but  in  the  case  of  uniformly  retarded 
motion  k  is  negative,  and 

V  =  u  —  k  t 
.  •  .    s  =  u  t — ^  k  f. 

Of  course,  if  the  acceleration  begins  when  the  body  is  at  rest, 

u  =  o.  _ 

PROBLEMS. 

(Solve  these  problems  from  1  to  12  in  both  the  metric  and  the  English  measures.) 

1.  Disregarding  the  resistance  of  the  air  what  distance  will  abodj- 
fall  from  a  state  of  rest  in  five  seconds? 

2.  Wliat  distance  will  it  fiiU  dm-ing  the  fifth  second? 

3.  What  is  its  velocity  at  the  end  of  the  fifth  second? 

4.  A  stone,  dropped  from  a  balloon,  strikes  the  ground  in  seven 
seconds.     How  high  is  the  balloon? 

5.  Under  the  infliieuce  of  a  constant  force  a  bodj'  moves  from 
rest  oOO""  in  a  minute.     How  far  will  it  go  in  an  hour? 
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6.  What  will  be  its  velocity  at  the  end  of  the  first  half-hour? 

7.  How  far  will  it  move  during  the  fifty-ninth  minute? 

8.  A  body  falls  from  rest  to  the  ground  in  four  seconds ;  meantime 
it  is  acted  on  by  a  constant  force  which  causes  it  to  move  in  a  hori- 
zontal direction  2™  in  the  first  second.  Where  will  it  strike  the  ground? 

9.  What  is  its  horizontal  velocity  at  the  end  of  the  fourth  second? 

10.  What  is  its  vertical  velocity  at  the  end  of  the  fourth  second? 

11.  With  what  vertical  velocity  must  a  body  start  that  it  may  ascend 
three  seconds? 

12.  How  far  does  it  rise  during  the  first  second? 

13.  A  stone  is  thrown  upwards  with  a  velocity  of  IGl  ft.  per  sec- 
ond, and  2  seconds  afterwards  another  stone  with  a  velocity  of  225.4  ft. 
per  second;  when  and  where  will  the  stones  meet? 

14.  In  Question  13,  if  the  stones  had  been  projected  downwards, 
when  and  where  would  they  have  met? 

15.  A  stone  is  thrown  upwards  with  a  velocity  of  100  ft.  per  sec- 
ond, and  3  seconds  afterwards  another  stone  is  thrown  upwards  with 
a  velocity  of  200  ft.  per  second ;  find  their  distance  apart,  4  seconds 
after  the  first  stone  started. 

16.  A  stone  is  thrown  downwards  from  the  top  of  a  tower  3  sec- 
onds after  one  is  dropped;  with  what  velocity  must  it  be  thrown  so 
as  to  overtake  the  other  in  4  seconds? 

17.  How  high  will  a  l)ody  rise  which  is  thrown  vertically  upwards, 
and  returus  to  the  place  of  starting  in  ten  seconds? 

18.  A  stone  falling  for  two  seconds  breaks  a  pane  of  glass,  and 
thereby  loses  one-half  of  its  velocity;  find  the  space  described  in  G 
seconds  from  starting. 

19.  A  body  is  projected  upwards  with  a  velocity  of  200  feet  per 
second ;  when  and  at  what  hight  will  its  velocity  be  80  feet  per  sec- 
ond? 

20.  A  stone  falling  from  rest  for  four  seconds  passes  through  a 
pane  of  glass,  thereby  losing  one-third  of  its  velocity,  and  reaches  the 
ground  three  seconds  afterwards;  find  the  heiglit  of  the  glass. 

21.  Gravity  at  the  surface  of  the  planet  Jupiter  being  about  2.C> 
times  as  great  as  at  the  surface  of  the  earth,  find  the  distance  traversed 
and  velocity  acquired  by  a  body  falling  for  five  seconds  towards 
Jupiter  from  a  point  near  its  surface. 

22.  A  stone  is  j)rojected  upwards  with  an  initial  velocity  of  60  feet 
per  second,  and  has  a  negative  acceleratior.  of  10  feet  per  second  per 
second;  how  high  will  it  rise? 
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§  81.  Projectiles.  —  Experiment.  Take  a  bottomless  tin  can 
A  (Fig.  88),  aud  couuect  a  rubber  tube  C,  2"^  long,  with  a  glass  tube 
passing  through  a  stopper  at  B,  and  insert  a  short  glass  tube  at  D. 
Keep  the  can  Hlled  with  water,  bend  the  lower  part  of  the  rubber  tube 
at  D,  so  as  to  direct  the  stream  at  diflferent  angles  of  elevation,  and 
observe  the  peculiarities  of  the  curves  formed  by  the  streams,  and  the 
different  vertical  and  horizontal  distances  reached  by  each. 

In  this  experiment  3'ou  have  a  miniature  representation  of  the 
paths  of  all  projectiles/  such  as  cannon-balls,  stones  thrown 
from  the  hand,  etc.  The  horizontal  distance  that  the  projectile 
attains  is  called  its  range  or  random.  Theoretical!}',  the  great- 
est range  is  obtained  at  an  angle  of  45°;  but  practically,  on 
account  of  the  resistance  of  the  air,  it  is  at  a  little  less  than  40°. 


Fig.  88. 


Every  projectile  is  acted  upon  hy  two  forces  :  (1)  the  force  of 
gravity,  and  (2)  the  resistance  of  the  air.  It  also  has  a  certain 
velocity  and  direction  at  the  instant  of  projection.  If  this 
velocity  and  direction  are  known,  and  the  resistance  of  the  air  is 
disregarded,  the  path  of  a  projectile  can  be  determined.  Thus, 
suppose   that  a  projectile  is  thrown    from  A   (Fig.  89)   at  aD 

*  jProjcctile,  a  body  thrmvn. 
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angle  of  45°,  that  it  is  in  the  air  six  units  of  time,  and  that  tlie 
vertical  liights  reached  at  the  end  of  the  first  three  units  succes- 
sively, are  B,  C,  and  L).  Its  horizontal  motion,  if  unimpeded, 
is  uniform,  and  the  corresponding  points  reached  in  that  direc- 
tion at  the  same  moments  are  (say)  B',  C,  and  D'.  Combining 
these  two  motions, we  obtain  the  points  B",  C",  and  D",  reached 
by  the  projectile  successively,  at  the  end  of  each  of  the  first  three 
units  of  time.  The  force  of  gravity  constantly  acting  to  change 
its  direction,  it  must  describe,  during  the  first  three  units,  the 
curved  line  AB"C"D".  Since  the  time  of  ascent  and  descent 
are  equal,  it  must  reach  its  greatest  vertical  bight  at  the  end  of 
the  third  unit,  when  it  begins  its  descent.  The  path  of  descent 
D"E"F"G"  is  found  in  a  similar  manner.  The  path  thus  de- 
scribed is  known  as  a  parabolic  curve ;  but,  inasmuch  as  this  is 
practit-aliy  modified  by  the  resistance  of  tlie  air,  it  in  reality 
describes  a  [)eculiar  path  called  a  ballistic  carve.     The   curve 

Fig.    S9.  ■ 


D"E"F"G"  represents  also  the  path  of  a  projectile  thrown  from 
D",  in  the  direction  of  the  line  I)"G',  with  a  horizontal  velocity 
that  it  would  cause  it  to  reach  G'  at  the  end  of  the  third  unit  of 
time. 

An  excellent  verification  of  the  second  law  of  motion  is  found 
in  the  fact  that  a  ball,  projected  hoiizontally,  will  reach  the 
ground  in  precisely  the  same  lime  that  it  would  if  droi)ped  from 
a  state  of  rest  from  the  same  hight.  That  is,  any  pi-evious 
motion  a  body  has  in  any  direction  does  not  affect  the  action 
of  gravity  upon  the  body. 
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Experiment  2.  Support  two  iron  bars,  a  and  b  (Fig.  90),  bent  into 
the  form  of  a  curve,  about  o"'"  apart,  and  .so  situated  tliat  a  ball  n,  roll- 
ing down  them,  will  be  discharged  from  them  in  a  horizontal  direction. 
So  connect  the  wires  of  an  electric  battery  c  with  these  bars,  that  while 
the  iron  ball  n  rests  upon  them  the  circuit  is  closed,  and  the  iron  ball 
m  is  supported  liy  the  attraction  of  the  electro-magnet  e.  Now  allow 
n  to  roll  down  the  curved  path.  When  it  leaves  the  bars  the  circuit  is 
broken,  c  instantly  loses  its  power  to  hold  m,  and  m  drops.  But  both 
balls  reach  the  floor  at  the  same  instant.     If  the  horizontal  velocity  of 

Fig.  90. 


n  is  varied,  by  allowini;  it  to  start  at  different  points  on  the  bars,  so  as 
to  cause  it  to  describe  dlfterent  paths,  tiie  two  balls  will,  iu  every  case, 
acquire  exactly  equal  vertical  velocities.  This  experiment  may  be  varied 
l)y  so  arranging  tlie  apparatus,  that  the  plane  of  the  path  of  the  ball  n 
shall  contain  the  line  of  direction  of  the  ball  to.  If,  in  this  case,  tlie 
balls  are  far  enough  above  the  floor  at  the  start,  what  sliould  happen? 

§  816.  Investig-ation  of  Projectiles,  Continued.  —  In 
investigating  the  paths  of  projectiles  we  shall  fliid  it  convenient 
to  consider  the  horizontal  and  vertical  motions  sei)arately. 

If  we  neglect  the  resistance  of  tlie  atmosphere,  wliich,  for  tlie 
sake  of  simplicity,  wo  shall  do,  the  horizontal  motion  is  a  uui- 
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form  motion  ;  while  the  vertical  motion  is,  during  the  upwiud 
flight,  a  uniformly  retarded,  and,  during  the  downward  flight,  a 
uniformly  accelerated  motion.     Why? 

The  horizontal  velocity  is,  of  course,  the  horizontal  compo- 
nent of  the  absolute  initial  velocity,  and  the  initial  vertical 
velocity  is  the  vertical  component  of  the  same. 

The  chief  elements  to  be  considered  are  the  initial  absolute 
velocity  (that  is,  the  initial  velocity  in  the  line  of  projectiou), 
the  direction  of  the  projection,  the  time  of  flighty  the  liighest 
point  of  path,  the  range,  the  absolute  velocity  at  any  given 
moment  after  projection,  and  the  position  of  the  projectile  at 
any  given  moment  after  projection. 

Example,  Let  a  cannon  ball  he  flred  on  a  horizontal  plane,  with  a 
velocity  of  1/>H  feet  per  second,  at  an  angle  of  30"  above  the  horizon. 

Tlie  horizontal  velocity  =  772  ^'3  feet  per  second. 

"     initial  vertical  "  =  772  "      "        "         (ij  71/;). 

The  acceleration  due  to  gravity  =  :?2^  feet  per  second  per  sec- 
ond (§  79).     ■ 

The  ball  will  continue  to  rise  until  the  action  of  gravity  reduces  its 

vertical  velocity  to  zero,  and  it  will  then  continue  to  descend  until  it 

strikes  the   plane.     Since   its  vertical  motion  is   inflnenced  l)y  gravity 

during  the  fall  as  well  as  during  the  rise,  the  time  of  tailing  is  the  same 

as  the  time  of  rising.     (§§  78,  80.) 

772 
Hence,  the  time  of  flight  =  tt^tt  X  2  =  48  seconds. 

Since  during  all  this  time  the  horizontal  velocity  is  uniform,  and 
772  ^'3  feet  per  second,  therefore  the  range  =  (772  ^o  X  48)  feet. 

To  find  tlie  highest  point  of  path,  find  the  height  to  which  a  l)ody 

having  an  initial  upward  vertical  velocity  of  772  feet  per  second  will 

rise  in  24  seconds. 

32'- 
Therefore,  highest  point  of  path  =  772  X  24  —  '.,-  X  (24)* 

=  1)2(54  feet. 

To  find  the  position  of  the  ball  at  the  end  of  14  seconds,  find  its 
hight  at  this  moment  by  considering  its  vertical  motion,  and  find 
its  horizontal  position  at  the  same  moment  by  considering  its  horizontal 
motion.  Having  its  hight  and  horizontal  position,  its  absolute  posi- 
tion is  of  course  fixed.     Work  this  out. 
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To  fiud  the  absolute  velocity  of  the  ball  at  the  end  of  U  seconds, 
square  the  measures  of  its  vertical  and  horizontal  velocities  at  this 
moment,  and  extract  the  square  i-oot  of  the  sum  of  these  squares. 
Why? 

The  horizontal  velocity  is  uniformly  772  ^^3  feet  per  second. 

The  vertical  velocity  at  end  of  U  seconds  is  (772  —  321  X  14) 
feet  per  second  =  321|  feet  per  second.  Hence  the  absolute 'velocity 
at  the  end  of  14  seconds  =  V[^112^?,f^.  {?,'2]iy  feet  per  second. 

The  student  wlio  keeps  in  mind  the  fact  that  the  vertical  and  hori- 
zontal velocities  of  a  projectile  may  be  considered  independently,  will 
not  tind  difficulty  in  dealing  with  any  similar  problem. 


QUESTIONS. 

1.  A  particle  is  projected  at  an  au-le  of  4,5°  with  the  horizon  from 
a  point  on  a  horizontal  plane,  witli  a  velocity  1,000  feet  per  second. 
Find  its  range,  and  Hud  its  distance  from  the  point  of  projection  at  the 
end  of  5  seconds. 

2.  A  particle  is  projected  at  an  angle  of  60°  from  a  point  on  a 
horizontal  plane,  and  its  total  range  is  5,000  feet.  What  is  the  velocity 
of  projection  ? 

3.  A  particle  is  projected  at  an  angle  of  30°  from  a  point  on  a 
horizontal  plane,  and  the  liighest  point  it  reaches  is  .500  feet  above  tlie 
plane.     What  is  the  velocity  of  projection,  and  the  total  range? 


XIII.     OTHER   APPLICATIONS   OF   THE    SECOND   LAW    OF 
MOTION.  — THE    PENDULUM. 

Experiment  1.  From  a  bracket  suspend  by  strings  leaden  balls,  as 
lu  Figure  91.  Draw  B  and  C  one  side,  and  to  different  higjits,  so  that 
B  may  swing  through  a  sliortarc,  and  let  both  drop  at  the  same  instant. 
C  moves  much  faster  than  B,  and  completes  a  longer  journey  at  each 
swing,  but  both  complete  their  swing,  or  vibration,  in  the  same  time. 

Hence,  (1)  the  lime  occupmJ  hy  the  vibration  of  a  pendulum 
is  indejjendent  of  the  length  of  the  arc.     Of  only  very  small  arcs 
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may  this  law  be  regarded  as  practically  true.  The  pendulum 
requires  a  somewhat  longer  time  for  a  long  arc  of  vibration  than 
for  a  short  one,  but  the  difference  becomes  perceptible  only  when 
the  difference  between  the  arcs  is  great,  and  then  only  after  many 
\  ibrations. 

Kxperiment  2.   Set  all  the  balls  swingins ;  only  B  and  C  swhig  to- 


•  Lher;  the  shorter  the  pencluliun.  the 
l.ister  it  swings.  Make  B  l™  long,  and 
F  ^"1  long.  Watch  in  hand,  connt  the 
viljrations  made  by  B.  It  completes 
just  GO  vibrations  in  a  minute  ;  in  other 
words,  it  "  beats  seconds."  A  pencki- 
lum,  therefore,  to  beat  seconds  must 
be  1™  long  (more  accurately,  .993"%  or 
39.09  in.).  Count  tlie  vibrations  of 
F ;  it  makes  120  vibrations  in  the  same 
time  that  B  makes  60  vibrations.  Make 
G  one-ninth  the  length  of  B  :  the  for- 
mer makes  three  vibrations  while  the 
latter  makes  one,  consequently  the 
lime  of  vibration  of  the  former  is  one- 
third  that  of  the  latter. 

Hence,  (2)  the  time  nf  one  vibra- 
tion of  a  pendulum  varies  as  the 
square  root  of  its  length. 


Fig.  91. 


QUESTIONS    AND    PROBLEMS. 

1.  What  would  be  the  effect  if  B  were  made  twice  as  heavy  as  C? 
Why? 

2.  What  is  the  length  of  a  pendulum  that  beats  hair-seeonds?  Quar- 
ter-seconds? That  makes  one  vibration  in  two  seconds?  Tliat  make.s 
two  vibrations  per  miiuite? 

3.  State  the  proportion  tliat  will  give  the  number  of  vihratlons  per 
minute  made  by  a  pendulum  40'^'"  long. 


§82.    Center  of  oscillation.  —  K.vporiment  l.    Connect  six 

balls,  at  lnter\als  nf  I.")'^'"',  by  pa'^sing  a   wire  thrnugli  them,  ;ifter  the 
manner  of  pendulum  A.     This  forms  a  cuiiqjuund  ixiialulaia  couipoatid 
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of  six  simple  pendulums.  Set  A  aud  B  vibrating;  A  vibrates  faster 
than  B,  although  their  lengths  are  the  same.  Why  is  this?  If  A  were 
actuated  only  by  the  ball  /.  it  would  vibrate  iu  unison  with  B.  If  the 
ball  a  were  free,  it  would  move  much  faster  than  /;  but,  as  they  are 
constrained  to  move  together,  the  tendency  of  a  is  to  quicken  the 
motion  of  /,  and  the  tendency  of  /  is  to  check  the  motion  of  a.  But  e 
is  quickened  less  thau  /,  and  d  less  than  e;  on  the  other  hand,  h  is 
checked  by  /  less  than  a,  and  c  less  than  b.  It  is  apparent  that  there 
must  be  some  point  between  a  and  /,  whose  velocity  is  neither  quick- 
ened nor  checked  by  the  combined  action  of  the  balls  above  and  below 
it,  and  where,  if  a  single  ball  were  placed,  it  wonld  make  the  same 
number  of  vibrations  iu  a  given  time  that  the  compound  pendulum 
does.  Shorten  pendulum  B,  and  tind  the  required  point.  This  point 
is  called  the  center  of  oscillation. 

Every  compowid  pendulum  is  equivalent  to  a  simple  pendulum, 
ivJiose  length  is  equal  to  the  distance  between  the  center  of  oscilla- 
tion and  the  point  of  suspension  of  the  compound  pendidum.  In- 
asmuch as  the  distance  between  the  point  of  suspension  and  the 
center  of  oscillation  determines  the  rate  of  vibration,  whenever 
the  expression  length  ofp)endulum  is  used,  it  must  be  understood 
to  mean  this  distance.  Strictly  speaking,  a  simple  pendulum  is 
a  heavy  material  point  suspended  by  a  lueightless  thread.  Of 
course  such  a  pendulum  cannot  actually  exist ;  but  the  leaden 
p.^  g,  bull,  suspended  by  a  thread,  is  a  near  approximation 
to  it. 

Experiment  2.  Suspend  on  the  frame  of  Figure  91a  lath 
AB  (Fig.  92),  1™  long,  and  shorten  the  pendulum  B  til! 
it  swings  in  the  same  period  as  the  lath;  the  ball  of  U 
murks  the  center  of  oscillation  of  the  lath.  Where  do  you 
find  the  center  of  oscillation  of  the  lath  to  be?  Attach 
a  ponud-weight  to  the  lower  end  of  AB;  its  vibrations 
are  now  slower,  and  the  simple  pendulum  B  must 
be  lengthened  to  vibrate  in  the  same  time'  as  the  lath 
and  weight;  hence  tlie  center  of  oscillation  of  the  lath  is 
lowered  by  the  addition  of  the  weight.      Move  the  weight 

up  the  lath;  the  vibrutiuns  are  quickened.     (What  is  the  office  of  a 

pendulum  l)ob?) 

Kxperiiueut  3.   Remove  the  weight,  bore  a  hole  through  the  lath  ar 
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its  center  of  oscillation  C,  and,  passing  a  knitting-needle  through  the 
hole,  invert  the  lath  and  suspend  it  by  the  needle.  Cause  the  lath  to 
vibrate  about  the  needle.  Compare  its  period  of  vibration  now  with 
its  period  of  vibration  when  suspended  from  A.  What  is  the  result? 
Can  j'ou  explain  it? 

You  have  virtually  two  pendulums,  B  C  and  C  A.     Do  they  vibrate 
in  conjunction  or  in  opposition? 

Tlie  jwint  of  susjyension  and  the  center  of  oscillation  are  inter- 
changeable; in  other  tvords,  there  are  alioays  two  x>oints  in  a  com- 
pound pendulum  about  lohich  it  loill  oscillate  in  the  same  time. 

This  suggests  a  practical  way  of  finding  the  center  of  oscilla- 
tion, and  the  equivalent  length  of  a  compound  pendulum.  For 
we  have  only  to  find  another  point  of  suspension  from  which  the 
pendulum    makes    the  Fig.  93. 

same  number  of  vibra- 
tions, in  a  given  time, 
as  from  its  usual  point 
of  suspension :  that 
point  is  its  center  of 
oscillation ;  and  the 
distance  between  it  and 
the  iisital  point  of  sus- 
pension is,  technically 
speaking,  the  length  of 
the  pendulum.  It  will 
be  seen  that  these  two  points  are  unequally  distant  from  the 
center  of  gravity. 

§  83.  Center  of  percussion.  —  Experiment.  Suspend  tlie 
lath  by  a  string  attached  to  one  of  its  extremities,  and  with  a  clul) 
strike  it  horizontally  near  its  upper  extremity.  Tliis  end  of  the  lath 
moves  in  the  direction  of  the  stroke  (.\,  Fig.  93),  at  the  same  time 
causing  a  sudden  jerk  ou  the  string,  wliich  is  felt  by  the  hand.  Strike 
the  lath  in  the  same  direction,  near  its  lower  extremity;  the  upper  end 
of  the  lath  now  moves  in  a  direction  opposite  to  the  stroke  (B),  at  the 
same  tune  causing  a  simiiiu-  jerk  of  the  siring.     Next  strike  the  lath 
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successively  at  points  higher  and  higher  above  its  lower  extremity' ;  it 
is  found  that  the  jerk  on  the  string  becomes  less  till  the  center  of  oscil- 
lation is  reached,  when  no  pull  on  the  string  is  felt,  and  neither  end 
of  the  lath  tends  to  precede  the  other,  but  both  move  on  together  (C). 
The  full  force  of  the  blow  is  spent  in  moving  the  stick,  and  none  is 
expended  in  pulling  the  string.  This  point  is  called  the  center  of  per- 
cussion. 

The  center  of  percussion  is  coincident  with  the  center  of  oscilla- 
tion. It  is  the  point  where  a  blow,  given  or  received,  is  most 
effective,  and  produces  the  least  strain  upon  the  support  or  axis 
of  motion.  The  base-ball  player  soon  learns  at  what  point  on 
his  bat  he  can  deal  the  most  effective  blow  to  the  ball,  and  at 
the  same  time  feel  the  least  tingle  in  his  hands. 

§  84.  Some  useful  applications  of  the  pendulum.  — 
The  force  that  keeps  a  pendulum  viljrating  is  gravit}-.  Were 
it  not  for  friction  and  resistance  of  the  air,  a  pendulum,  once 
set  in  motion,  would  never  cease  vibrating.  Since  the  force 
of  gravity  keeps  the  pendulum  in  motion,  it  follows  that  the  rate 
of  vibration  of  a  given  pendulum  must  be  determined  by  the 
intensity  of  this  force.  Hence  it  is  apparent,  that  if  the  rate 
of  vibration  is  known,  the  intensity  of  the  force  of  gravit}'  may 
be  calculated.  It  is  found  by  experiment  that  the  time  of  vi- 
bration varies  inversely  as  the  square  root  of  the  force  of  gravity. 

So  the  pendulum  becomes  a  most  serviceable  instrument  for 
measuring  the  intensity  of  gravity  at  various  altitudes  and  at 
different  latitudes  on  the  earth's  surface.  (Compare  §  21).  It 
is  also  the  most  accurate  instrument  for  measuring  time  that  has 
been  invented.  Its  value,  as  a  time-measurer,  depends  upon 
the  absolute  uniformity  of  the  rate  of  vibration  as  long  as  its 
length  is  constant,  and  the  length  of  its  arc  very  small.  But  as 
heat  is  ever  modifying  the  dimensions  of  all  visible  bodies, 
various  devices  have  been  called  into  existence  by  which  heat 
may  be  made  to  correct  automatically  its  own  mischief.  Clocks 
that  do  not  have  self -regulating  pendulums  are  fast  in  winter 
and  slow  in  summer.     (How  would  you  regulate  there  ?) 
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QUESTIONS. 

1.  Where  is  the  center  of  percussion  in  a  hammer  or  axe?     Whj? 

2.  At  wliat  point  (disregarding  the  length  and  wciglit  of  tlie  arm 
that  swings  it)  shonld  a  blow  be  dealt  with  a  bat  of  uniform  dimensions 
when  held  in  the  hand  at  one  extremit}'? 

3.  What  change  in  the  location  of  the  center  of  percussion  is  pro- 
duced by  making  one  end  of  a  bat  heavier  than  the  other? 

4.  Which  end  of  a  bat,  the  heavier  or  lighter,  shonld  be  held  in  the 
hands?     Why? 

§  85.  Momentum.  — It  has  already  been  observed  (§  79) 
that  all  bodies,  under  the  action  of  gravity,  fall  at  the  same  rate. 
Thus,  if  a  one-pound  iron  ball  and  a  two-pound  iron  ball  be 
allowed  to  fall  from  rest  freely  duiing  one  second,  each  at  the 
end  of  the  second  has  acquired  a  velocity  of  32^  feet  per  second. 
Now,  on  the  one-pound  ball  a  force  whose  intensity  is  one  pound 
has  acted  continuously  during  one  second,  while  on  the  two- 
pound  ball  a  force  whose  intensity  is  two  pounds  has  acted 
continuously  during  one  second.  Compare  the  effects.  Each 
force  has,  during  the  second,  produced  the  same  change  of  ve- 
locity, namely,  from  rest  to  32^  feet  per  second  ;  but  has  each 
produced  the  same  change  of  motion?  In  other  words,  has 
each  produced  the  same  effect?  Imagine  the  force  of  two 
pounds  to  be  divided  into  two  equal  forces  of  one  pound  ;  can 
you  imagine  these  two  equal  forces  to  produce  in  one  second  an 
effect  other  than  twice  tliat  produced  by  one  of  them  in  the 
same  time?  Evidently  not.  Then  we  must  consider  that  the 
quantity  of  motion  in  a  two-pound  body  having  a  velocity  of 
32^  feet  per  second  is  exactly  double  that  in  a  one-pound  body 
having  t!ie  same  velocity.  Again,  if  you  allow  the  one-pound 
ball  to  fall  from  rest  freely  during  two  seconds,  it,  at  the  end  of 
the  two  seconds,  is  foinid  to  have  a  velocity  of  (U  J  feet  per 
second.  Now,  a  one-pound  force  acting  continuously  during 
two  seconds  must  ])i()(luce  just  doul)le  the  effect  of  the  same 
force  acting  continuoiisly  (luriuijj  one  second  Hence  we  must 
coiichide  that  a  body  of  one  pound  with  a  velocity  of  64-^  feet 
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per  iseeoud  has  exactly  double  tlie  quantity  of  motion  possessed 
by  a  oue-pouud  body  with  a  velocity  of  32^  feet  per  second. 
To  that  which  we  have  called  quantity  of  motion  the  name 
momentain  has  been  given. 

It  will  be  seen  from  the  foregoing  that  the  momentum  of  a 
body  varies  directly  as  the  mass  of  the  body,  and  also  varies 
directly  as  the  velocity  of  the  body.  Hence  a  proper  measure 
of  the  momentum  of  a  body  is  the  product  of  the  measure  of 
its  mass  into  the  measure  of  its  velocity.  We  may  also  say  that 
a  uniform  force  acting  on  a  body  i^rodaces  a  cliange  of  momen- 
tum in  its  own  direction  projjortional  to  the  intensity  of  the 
force  and  proportional  to  the  time  during  which  the  force  con- 
tinuoudy  acts. 

Evperimeiit  1.  Pass  a  flue  cord  over  a  light,  smooth  pulley,  and 
attach  to  its  euds  two  weights  of  IGj^j  Ihs.  aud  15 1^2  lbs.  If  left  to 
themselves,  the  heavier  weight  will,  of  course,  fall,  and  the  lighter  rise 
at  the  same  rate.  The  intensity  of  the  force  producing  tlie  motion  is 
one  pound,  aud  the  mass  moved  is  32^  lbs.,  besides  the  cord  and  the 
pulley.  If  tliese  latter  are  verj' liglit  their  motion  may  be  neglected. 
Now,  you  already  know  that  a  mass  of  82^  lbs,  if  initially  at  rest  and 
left  to  the  action  of  its  own  weight,  that  is,  if  left  to  the  action  of  a 
force  whose  intensity  is  32^  lbs.,  for  one  second,  will,  in  that  time, 
move  over  a  distance  of  IGj^  feet  and  acquire,  at  the  end  of  tlie  second, 
a  velocity  of  ;^2^  feet  per  second.  Through  what  distance,  therefore, 
do  you  expect- the  weights  in  the  experiment  to  move  in  one  second, 
and  what  velocity  do  you  expect  tliera  to  have  at  the  end  of  the  sec- 
ond? Compare  tlie  result  of  your  reasoning  witli  that  of  the  experiment. 
Allow,  the  same  weiglits  to  move  during  two  seconds,  three  seconds, 
etc.,  and  carefully  note  the  results.  Make  the  same  experiment  with 
diflerent  weights. 

The  second  law  of  motion  (§69)  may  now  be  extended  so  as 
to  read  :  A  given  force  has  the  same  effect  in  producing  motion., 
u-hether  the  body  on  which  it  acts  is  in  ^notion  or  at  rest ;  tvhether 
it  is  acted  upon  by  that  force  alone,  or  by  others  at  the  same  time, 
and  that  effect  is  to  produce  in  its  own  direction  a  change  of 
momentum  irroportioiial  to  the  intensity  of  the  force  and  propor- 
tional to  the  time  during  which  it  continuously  acts. 
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There  is  no  name  for  the  uuit  of  momentum.  We  return  to 
the  subject  on  page  135. 

QUESTIONS  AND   PROBLEMS. 

1.  Compare  the  momenta  of  a  car  weighing  50  tons,  moving  10  ft. 
per  minute,  and  a  kimp  of  ice  weighing  5  cwt.,  at  the  enrl  of  the  third 
second  of  its  fall. 

2.  Why  are  pile-drivers  made  heavv?     Why  raised  to  great  higlits? 

3.  A  boy  weighing  25''  must  move  with  Avhat  velocity  to  liave  the 
same  momentum  that  a  man  has  weighing  80^  running  at  the  rate  of 
10''™  per  hour? 

4.  A  body  has  a  certain  momentum  after  falling  through  a  certain 
space.  How  many  times  this  space  must  it  fall  to  double  its  mo- 
mentum? 

XIV.     THIRD   LAW   OF   MOTION. 

§  86.  Third  la-w  of  motion.  —  It  has  been  shown  (§  67) 
that  motion  cannot  originate  in  a  single  body,  but  arises  from 
mutual  action  between  two  bodies.  For  example,  a  man  can  lift 
himself  by  pulling  on  a  rope  attached  to  some  other  object,  but 
not  b}-  his  boot-straps,  or  a  rope  attached  to  his  feet.  AVhen- 
ever  one  body  receives  motion,  another  body  always  parts  with 
motion,  or  is  set  in  motion  in  an  opposite  direction  ;  that  is,  in 
every  change  in  regard  to  motion  there  are  always  at  least  two 
bodies  oppositely  affected. 

Experiment.  IToat  two  blocks  of  wood  of  unequal  masses  on 
water,  connecting  them  by  a  stretched  rubber  band.  Let  go  the  blocks, 
and  the  band  will  set  both  in  motion,  but  the  smaller  block  will  have 
the  greater  velocity. 

A  man  in  a  boat  weighing  one  ton  pulls  at  one  end  of  .i  rope,  the 
other  end  of  Mhich  is  held  by  another  man,  who  weighs  twice  as  much 
as  the  first  man,  in  a  boat  weighing  two  tons  :  l)oth  boats  will  n)ovc« 
towards  each  other,  but  in  opposite  directions ;  the  lighter  l)oat  will 
move  twice  as  fast  as  the  heavier,  but  with  the  same  momentum. 

If  the  boats  are  near  each  other,  and  the  men  push  cacli  other's  boats 
with  oars,  the  boats  will  move  in  opposite  directions,  though  with  dif- 
ferent velocities,  yet  with  ecpial  momenta. 

The  opposite  impulses  n-ceived  by  tlie  bodies  concerned  are 
usually  distinguished  by  the  terms   actioii  and   reaction.     We 


THIRD   LAW    OF   MOTION. 


129 


measure  these  by  their  momenta.  As  eveiy  force  is  either  a 
push  or  a  pull  (§  12),  aud  produces  equal  momenta  in  two 
bodies  in  opposite  directions,  hence,  the 

Third  Law  of  Motion  :   To  every  action  there  is  an  equal 
and  opposite  reaction. 

The  application  of  this  law  is  not  alwaj^s  obvious.  Thus,  the 
apple  falls  to  the  ground  in  consequence  of  the  mutual  attrac- 
tion between  the  apple  and  the  earth.  The  earth  does  not 
appear  to  fall  toward  the  apple.  But,  allowing  that  their  mo- 
menta are  equal,  we  are  not  surprised  that  the  motion  of  the 
earth  is  imperccptil)le,  when  we  I'eflect  that  the  velocity  of  the 
e;uUi  must  be  the  same  fraction  of  the  velocity  of  the  apple  as 
the  mass  of  the  apple  is  of  the  mass  of  the  earth.     (§  85.) 


kick  "  of  a  gun  is  slight  when 


QUESTIONS. 

1.  The  velocity  of  the  rebound  or 
compared  witli  the  velocity  of  the  ball.     Why? 

2.  In  rowing  a  boat,  what  are  tlie  opposite  results  of  the  stress 
between  the  oar  and  the  water? 

3.  Point  out  the  results  of  the  action  and  reaction  that  occur  when 
a  person  leaps  from  the  ground. 

Fig.  94. 


4.  If  there  were  no  ground  or  other  object  beneath  him,  and  he 
were  motionless  in  space,  could  he  put  himself  in  motion?     Why? 

5.  A  boy.  running,  strikes  his  head  against  another  boy's  head. 
Which  is  hurt?     Why? 

6.  Suspend  two  balls  of  soft  putty  of  equal  weight,  A  and  B  (Fig. 
94).     Draw  A  one  side,  and  let  it  fall  so  aa  to  strike  B.     Both  balls 


130  DYNAMICS. 

will  then  move  on  together ;  with  what  momentum  compared  with  A's 
momfuunn  when  it  strikes  B? 

7.  What  will  bo  the  momentum  of  each  ball  after  A  strikes  B,  com- 
pared  with  A's  momentum  when  it  strikes  B? 

8.  How  will  their  velocity  compare  with  A's  velocity  when  it 
strikes  B? 

9.  Raise  A  and  B  equal  distances  in  opposite  directions,  and  let  fall 
so  as  to  collide.  Both  balls  wdl  instantly  come  to  rest  after  collision. 
Show  that  this  result  is  consistent  with  the  third  law  of  motion. 

10.  Substitute,  for  the  inelastic  putty  balls,  ivory  billiard  balls,  which 
are  highly  elastic.  Let  A  strike  B.  Then  B  goes  on  with  A's  original 
velocity,  while  A  is  brought  to  rest.  Show  that  this  result  is  consis- 
tent with  tlie  tliird  law  of  motion. 

11.  Suspend  four  ivory  balls,  C,  D,  E,  and  F.  Let  C  strike  D.  D 
eventually  receives  all  of  C's  momentum,  and  instantly  communicates  it 
to  E,  E  to  F,  and  F,  having  nothing  to  which  to  communicate  it,  moves 
with  C's  original  velocity.    Trace  the  actions  and  reactions  throughout. 

12.  What  would  happen  if  the  four  balls  were  inelastic? 

§  87.  Law  of  reflection.  —  Experiment  l.  Hold  D  (Fig.  94) 
firmly  in  its  place,  and  allow  C  to  strike  it.  D  being  immovable,  C's 
entire  momentum  is  spent  in  compressing  the  balls,  and,  on  recovering 
their  shape,  C  is  thrown  back  to  its  starting-point  at  C.  But  in  this 
case  the  hand  exerts  as  much  force  to  prevent  the  motion  of  D  as 
P^    gg  would  be  necessary  to  project  C  to  C.   mien 

an   elastic   body  strikes  another  fixed  elastic 
body,  it  rebounds  with  its  original  force. 

Experiment  2.  Lay  a  marble  slab  A  (Fig. 
95)  upon  a  table,  and  roll  an  ivory  ball  in  the 
line  DC,  perpendicular  to  the  surface  of  the 
slab;  the  ball  rebounds  in  the  same  line  to  D. 
Roll  the  ball  in  the  line  BC;  it  rebounds  in 
the  line  C E.  The  angle  BCD,  which  its  Ibr- 
wnrd  path  makes  with  DC,  a  perpendicular  to  the  surface  struck,  is 
"called  the  angle  of  incidence.  The  angle  ECD,  which  its  retreating 
path  makes  with  the  same  perpendicular,  is  called  the  angle  of  reflection. 

It  is  found  by  measurement  that  these  angles  are  equal  when 
the  two  bodies  are  perfectly  elastic.  This  equality  is  expressed 
by  the  Law  of  Rkklkction  :  When  the  striking  body  and  the  body 
struck  are  perfectly  elastic,  the  angle  of  reflection  is  equcd  to  the 
angle  of  incidence. 
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XV.  WORK  AND  ENERGY. 

§  88.  Work.—  We  have  learned  (§  43)  that  a  force  may  pro- 
duce either  motion  or  pressure  (or  tension),  or  it  may  produce 
both  ellecLs  ut  the  same  time  and  in  the  same  body.  But  a/ojre  does 
work,  in  the  seuse  in  vvliich  this  term  is  used  in  science,  only  when  it 
produces  motion.  A  person  may  support  a  weight  for  a  time  and 
become  weary  from  the  continuous  application  of  force  to  prevent  the 
weight  from  falling,  or,  in  other  words,  to  prevent  che  force  of  gravity 
from  doing  work,  but  he  accomplishes  no  work,  because  he  effects  no 
change,  i.e.,  causes  no  motion.  The  body  that  is  moved  is  said  to  have 
work  done  upon  it;  and  the  body  that  moves  another  body  is  said  to  do 
work  tipon  the  latter.  When  the  heavy  weight  of  a  pile-driver  is 
raised,  work  is  done  upon  it;  when  it  descends  and  drives  the  pile 
into  the  earth,  work  is  done  uponthe  pile,  and  the  pile  in  turn  does 
work  upon  the  matter  in  its  path. 

Whenever  a  force  ca^ises  motion,  it  does  work.  A  force  may  act  for  an 
indefinite  time  without  doing  any  work;  but  whenever  a  force  acts 
through  .^pace,  work  is  done.  Force  and  space  (or  distance)  are  essen- 
tial elements  of  work,  and  are  naturally  the  quantities  employed  in 
estimating  work.  A  given  force  acting  through  a  space  of  one  meter 
will  do  a  certain  amount  of  work ;  it  is  evident  that  the  same  force 
acting  through  a  space  of  two  meters  will  do  twice  as  much  work. 
Hence  the  general  formula, 

W.=  FS,  (1) 

in  which  W  represents  the  work  done,  F  the  force  employed,  and  S 
the  space  through  which  the  force  acts. 

In  case  a  force  encounters  resistance,  the  magnitude  of  the  force 
necessary  to  produce  motion  depends  upon  the  amount  of  i-esistance. 
Indeed,  in  cases  in  which  the  body  having  been  moved  through  a 
given  space  comes  to  rest  in  consequence  of  resistance,  the  entire 
work  done  upon  the  body  is  often  more  conveniently  determined  by 
miUtiphjing  the  resistance  by  the  space  through  which  it  is  overcome,  and 
our  formula  becomes  by  substitution  of  resistance,  R,  for  the  force 
■which  overcomes  it, 

W  =  RS.  .  (2) 

Por  example,  a  ball  is  shot  vertically  upward  from  a  rifle  in  a  vacuum ; 
4;he  work  done  upon  the  ball  may  be  estimated  by  multiplying  the 
average  force  (difficult  to  ascertain)  exerted  upon  it  by  the  space 
through  which  tlie  force  acts  (a  little  greater  than  the  length  of  the 
barrel),  or  by  multiplying  the  resistance  offered  by  gravity,  i.e.,  its 
weight  (easily  ascertained)  by  the  distance  the  ball  ascends.    Also,  in 
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case  the  motion  produced  is  uniform,  the  resistance  and  the  force  are 
equal,  and  it  is  immaterial  which  formula  is  used.  When  there  is  no 
resistance  and  the  only  effect  is  acceleration,  as  when  a  body  falls 
freely  in  a  vacuum,  we  must  estimate  the  work  done  (in  this  case  by 
gravity)  by  the  first  formula.  When  it  is  required  to  estimate  only 
that  part  of  the  work  done  in  producing  acceleration,  the  formulas 
given  in  §  94,  will  be  found  convenient,  work  being  substituted  for 
energy,  inasmuch  as  both  are  measured  by  the  same  units. 

§  89.  Unit  of  work. — We  shall  first  consider  the  unit  em- 
ployed when  resistance  is  taken  as  one  of  the  elements  of  work.  (In 
§  96  will  be  defined  the  unit  usually  employed  when  the  force  is 
'  employed  as  a  factor  of  work.)  The  unit  of  work  adopted  l)y  the 
French  is  the  work  done  in  raising  I''  through  a  vertical  liight  of  !>". 
It  is  called  a  kilogrammeter  (abbreviated  ^gm^  The  English  unit  of 
work  is  that  done  in  raising  one  pound  one  foot,  and  is  called  a  foot- 
pound. The  kilogrammeter  is  about  7J  (more  accurately,  7.233)  times 
the  foot-pound.  Now,  siuce  the  work  done  in  rai.siiig  I''  1'"  high  is 
I'^sm,  the  work  of  raising  it  10""  high  is  iC's™,  which  is  the  same  as 
the  woi'k  done  in  raising  10''  !■"  high;  and  the  same,  again,  as  raisiui: 

2k  5m  ]ii„.], 

There  are  many  other  kinds  of  work  besides  that  of  raising  weights. 
But  since,  with  the  same  resistance,  the  work  of  producing  motion  in 
any  other  direction  is  just  the  same  as  in  a  vertical  direction,  it  is 
easy,  in  all  cases  in  which  the  two  elements  of  work  (viz.,  resistance 
and  space)  are  known,  to  find  the  equivalent  in  work  done  in  raising  a 
weight  vertically.  By  thus  securing  a  common  standard  for  measure- 
ment of  work,  we  are  able  to  compare  any  species  of  work  with  any 
other.  For  instance,  let  us  compare  the  work  done  by  a  man  in  sawing 
through  a  stick  of  wood,  whose  saw  must  move  10'  against  an  average 
resistance  of  12^,  with  that  done  by  a  bullet  in  penetrating  a  plank  to  a 
depth  of  2'^'"  against  an  average  resistance  of  200'«.  IMoving  a  saw 
10'"  against  12^  resistance  is  equivalent  to  raising  12''  10'"  high,  or 
doing  120''K'n  of  woi'k ;  a  bullet  moving  2'='"  against  200''  resistance  docs 
as  much  woi-k  as  is  required  to  raise  200''  2""  high,  or  200  x  .02  =  4>K"' 
of  work.  120 -r  4  =  30  times  as  much  work  done  by  the  sawyer  as  by 
the  bullet. 

§  90.  Rate  of  doing  work,  —  In  estimating  the  total 
amount  of  work  done,  the  time  consumed  is  not  taken  into  con- 
sideration. The  work  done  by  a  hod-carrier,  in  carrying  1,000 
bricks  to  the  top  of  a  building,  is  the  same  whether  he  does  it  in 
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a  day  or  a  week.  But  in  estimating  the  power  of  any  agent  to 
do  work,  as  of  a  man,  a  horse,  or  a  steam-engine,  in  other  words, 
the  rate  at  which  it  is  capable  of  douig  work,  it  is  evident  that 
time  is  an  important  element.  The  work  done  by  a  horse,  in 
raising  a  barrel  of  flour  20  feet  high,  is  about  4000  ft. -lbs.  ; 
but  even  a  mouse  could  do  the  same  amount  of  work  in  time. 
The  unit  in  which  rate  of  doing  work  is  usually  expressed  is  a 
horse-poiver.  Early  tests  showed  that  a  very  strong  horse  may 
perform  33,000  ft. -lbs.  of  work  in  one  minute.  So  1  horse- 
power =  33,000  ft. -lbs.  per  minute  =  550  ft. -lbs.  per  second  = 
about  4570''^'"  per  minute  =  about  76 ''S"'  per  second. 

§  91.  Energy.  —  The  energy  of  a  body  is  its  capacity  of 
doing  work,  and  is  measured  b}'  the  work  it  can  do.  Doing 
work  usually  consists  in  a  transfer  of  motion^  or  energy,  from 
the  body  doing  work  to  the  body  on  which  work  is  done.  Wher- 
ever we  find  matter  in  motion,  whether  in  the  solid,  liquid,  or 
gaseous  state,  we  have  a  certain  amount  of  .energy  which  may 
often  be  made  to  do  useful  work. 

§  92.  Potential  and  kinetic  energy.  —  Place  a  stone, 
weighing  (sa^')  lO"",  on  the  floor  before  30U  ;  it  is  devoid  of 
energy,  powerless  to  do  work.  Now  raise  it,  and  place  it  on  a 
shelf  (say)  2""  high  ;  in  so  doing  you  perform  20''^"'  of  work  on 
it.  As  you  look  at  it,  lying  motionless  on  the  shelf,  it  appears 
as  devoid  of  energy  as  when  lying  on  the  floor.  Attach  one  end 
of  a  cord  3'"  long  to  it,  and,  passing  it  over  a  pulley,  wind  2" 
of  the  string  around  the  shaft  connected  with  a  sewing-machine, 
coffee-mill,  lathe,  or  other  convenient  machine.  Suddenly  with- 
draw the  shelf  from  beneath  the  stone.  It  moves,  it  sets  in 
motion  the  machine,  and  30U  may  sew,  gi'ind  coffee,'  turn  wood, 
etc.,  with  the  power  given  to  the  machine  by  the  stone. 

Surely,  the  work  done  on  the  stone  in  raising  it  was  not  lost ; 
the  stone  pays  it  back  while  descending.  There  is  a  very  im- 
portant difference  between  the  stone  lying  on  the  floor,  and  the 
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stone  lying  on  the  shelf:  the  former  is  powerless  to  do  work; 
the  hitter  ean  do  work.  Both  are  alike  motionless,  and  you  can 
see  no  difference,  except  an  culvantage  that  the  latter  has  over 
the  former  i/iposrtion.  "What  gave  it  this  advantage?  Work. 
A  hody^  then,  may  possess  energy  due  merely  to  advantage  of 
POSITION,  derived  always  from  ivorJc  bestoiced  upon  it.  So  a  body 
at  rest  is  not  necessarily  devoid  of  energy.  In  the  stone  lying 
passively  on  the  shelf  there  exists  a  power  to  do  work  as  real  as 
that  possessed  by  the  stone  which,  falling  freely,  has  acquu-cd 
great  velocitj'. 

We  see,  then,  tliat  energy  may  exist  in  either  of  two  widely 
different  states,  and  yet  be  as  real  in  one  case  as  in  the  other. 
It  may  exist  as  actual  motion^  either  visible,  as  in  mechanical 
motion,  or  invisible,  as  in  the  molecular  motions  called  heat;  or 
it  may  exist  in  a  stored-xtp  condition,  as  in  the  stone  lying  on  the 
shelf.  In  the  former  case  it  is  called  kinetic  (moving)  or  actual 
energy  ;  in  the  latter,  it  is  called  potential  energy,  or  energy  of 
position. 

We  are  as  much  accustomed  to  store  up  energy  for  future  use 
as  provisions  for  the  winter's  consumption.  We  store  it  when 
we  wind  up  the  spring  or  weight  of  a  clock,  to  be  doled  out 
gradually  in  the  movements  of  the  machinery.  We  store  it 
when  we  bend  the  bow,  raise  the  hammer,  condense  air,  and 
raise  any  body  above  the  eai-th's  surface. 

How,  then,  is  energy  stored  in  a  body?  Only  at  the  expense 
of  work  done  upon  it.  The  force  of  gravitation  is  employed  to 
do  work,  as  when  mills  are  driven  by  the  power  of  ialling 
water ;  but  the  water  is  first  deposited  on  the  hillside  by  the 
energy  of  the  sun's  heat.  Elasticity  of  springs  is  employed  as 
a  motive  power  ;  but  elasticity  is  due  to  an  advantage  of  position 
which  the  molecules  of  springs  have  acquired  in  consequence  of 
force  applied  to  them. 

We  conclude,  then,  that  a  body  possesses  potential  energy 
■when,  in  virtxLe  of  work  done  upon  it,  it  occupies  a  position  of 
advantage,  or  its  molecules  occujyy  positions  of  advantage,  so  that 
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the  enfirgy  expended  can  he  at  any  time  recovered  by  the  return 
of  the  body  to  its  original  j^osition,  or  by  the  return  of  its  mole- 
cules to  their  original  j^ositions. 

§  93.    Energy  contrasted  with  momentum.  —  Problem. 

A  bullet  weighing  30?  is  shot  with  a  velocity  of  98'"  per  second  from  a 

gun  weigliiug  i^;  required  the  momentum  and  the  energy  of  both  the 

bullet  and  the  gun,  aud  the  velocity  of  the  gun.     Solution :  Using  the 

kilogram,  the  meter,  and  the  second  as  units,  the  momentum  of  the 

ball  is  .03  X  98  =  2.94  units.    If  the  ball  were  shot  vertically  upward, 

98 
Its  velocity  would  diminish  9.8™  per  second;  so  it  would  rise — =  10 

seconds,  aud,  thereforte,  before  its  energy  is  expended,  to  a  hight 
of  (§  78)  4.9"'  X  10^  =  490'".  '  Hence,  its  energy  at  the  outset  is 
.03x490—  14.7''S">.  Similarly  for  the  gun,  by  the  third  law  of  mo- 
tion its  momentum  must  be  just  the  same  as  that  of  the  ball,  2.94 
units;   its  velocity  is  therefore   2.94 -=- 4  =  .735'"  per  second.     Then 

735 
T  =  '- — '-=  .075  second ;  the  hight  (supposing  the  gun  to  be  raised  verti- 
9.8 

cally  by  the  impulse  received)  =  4.9  x  .075'^  =  .027GG'" ;  and  its  energy 

=  4  X  .0276G  =  .1102''g"'. 

While,  therefore,  the  momenta  generated  in  the  two  bodies  by  the 

14  7 
burning  of  the  powder  are  equal,  the  energy  of  the  bullet  is  — '—  =  133|- 

times  that  of  the  gun.  (Why  are  the  eflects  produced  by  the  bullet 
moi-e  disastrous  than  those  produced  by  the  recoil  of  the  gun?) 

§  94.  Formula  for  energy.  —  We  ciiu  find,  as  in  the  above 
example,  to  what  vertical  hight  a  body  having  a  given  velocity 
would  rise,  and  thus  in  all  cases  determine  its  energy  ;  but  a 
formula  may  be  obtained  which  will  give  the  same  result  with 
less  trouble  ;  thus  : 

Let  E  =  measure  of  energy,  in  foot  pounds. 

"■    V  =         "•        "•  velocity,  in  feet  per  second.  . 

'■'_(/=         "         ••  acceleration  due  to  gravity,  =  32^. 

"■    S   =         "        ''  hight  to  which  body  would  rise,  in  feet. 

"■   W  =         "         "  weight  of  body,  in  pounds. 

"    'r=         "'        '^  time  of  rising,  iu  seconds. 
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It  is  evident  that,  u-lian  the  weight  (W)  of  a  body  remains  the 
same,  its  energy  is  pnqjortional  to  the  square  of  its  velocity,  ivhile 
its  momentum,  as  we  have  learned,  is  proportional  to  its  velocity. 
In  other  woids,  the  effect  of  increasing  the  velocity  of  a  moving 
body  would  seem  to  be  to  increase  its  working  power  much  more 
rapidly  than  its  momentum.     Is  this  practically  true? 

Experiment.  Fill  an  ordinary  water-pail  with  moist  clay.  Let  a 
leaden  bullet  drop  upon  the  clay  from  a  liight  of  .5™.  Then  drop  the 
same  bullet  from  a  liight  of  2™,  or  four  times  the  former  hight,  in  order 
that  it  may  acquire  twice  the  velocity.  In  the  latter  case  it  penetrates 
to  four  times  the  depth  that  it  did  in  the  former. 

So  it  appears  that  the  energy  of  a  moving  body  varies,  not  as 
its  velocity,  but  as  the  square  of  its  velocity.  Doubling  the 
velocity  multiplies  the  energy  fourfold  ;  trebling  the  velocity 
nuiltiplies  it  ninefold,  and  so  on  ;  but  the  coiTcsponding  mo- 
mentum is  multiplied  only  twofold,  threefold,  etc.  A  bullet 
moving  with  a  velocity  of  400  feet  per  second,  will  penetrate, 
not  twice,  but  four  times,  as  far  into  a  i)lank  as  one  havina  a 
velocity  of  200  feet  per  second.  A  railway  train,  having  a 
velocity  of  20  miles  an  hour,  will,  if  the  steam  is  shut  off,  con- 
tinue to  run  four  times  as  far  as  it  would  if  its  velocity  were  10 
miles  an  hour.  The  reason  is  now  apparent  wliy  light  sub- 
stances, even  so  light  as  air,  exhibit  great  energy  when  their 
velocity  is  great. 

§  95.   Measure  of  a  force.  —  Commonly  we  measure  forces 

by  a  spring  balance,  and  say  that  the  force,  for  instance,  with 
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which  a  horse  draws  a  wagon  is  50^^ ;  that  is,  a  spring  interposed 
between  the  horse  and  the  wagon  is  stretched  just  as  much  as  it 
would  be  by  the  force  of  gravity  acting  on  a  mass  of  50^  hung 
from  the  spring.  But  often  it  is  impossible  to  measure  the 
force  except  by  the  motion  it  produces.  Experience  has  shown 
that  a  useful  and  accurate  measure  of  a  force  is  the  momentum  it 
produces  or  destroys  in  a  second;  if  the  body  is  already  in  mo- 
tion, we  must  sa}'  the  change  of  momentum  produced  in  a  second. 

For  example,  gravity'  we  know  will  impart  in  three  seconds, 
to  a  body  having  a  mass  of  (say)  5=,  and  free  to  fall,  a  velocity 
of  3  X  980*^™  per  second ;  that  is,  the  momentum  generated  is 
5  X  3  X  980.  Then,  by  definition  above,  the  measure  of  the 
force  of  gravity  on  the  body  is  &  ^  3x  aso  =  5  x  980.  When  the 
centimeter,  gram,  and  second  are  taken  as  the  units  of  length, 
mass,  and  time  respectively,  the  S3'stem  of  units  of  measurement 
based  on  them  is  called  the  C.G.S.  system,  and  in  it  the  unit 
of  force  is  called  a  dyne. 

A  dyne  is  that  force  ivhich,  acting  for  a  second,  iviU  give  to  a 
grain  of  matter  a  velocity  of  one  centimeter  per  second.  In  the 
example  above  we  have  a  force  of  5  x  980  =  4900  dynes. 

The  gravity  tmit  of  force  is  the  weight  of  any  unit  of  mass, 
e.g..,  a  gram,  kilogram,  pound,  or  ton.  In  distinction  from 
gi'avit}'  units,  the  C.G.S.  units  are  called  absolute  units.  Gravity 
units  are  easily  changed  to  absolute  units  ;  thus  in  Ontario  the 
force  of  gravity  actiug  upon  !§  of  matter  free  to  fall  will 
give  it  an  acceleration  of  velocity  of  980"='"  per  second  per  sec- 
ond ;  hence,  in  these  latitudes,  the  gravity  unit  is  equal  to  980 
absolute  units. 

Let  jM  =  measure  of  mass  of  body,  in  grams. 
"    W  =         '•        "  weight  of  body,  in  dynes. 
"    F    =         "        "   attraction  between  earth    and  body,  in 

dynes. 

"    S'    =  "        "   acceleiation  due  to  gravity,  in  absolute 

units  =  980. 
W  =  F  =  M  g. 
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The  equation  is  a  general  one  ;  that  is,  whenever  any  two  of  the 
three  quantities  specified  are  known,  the  third  ma}-  be  computed 

If  the  force  acts,  not  against  gravit}',  but  against  resistances 
considered  as  constant,  such  as  the  forces  shown  in  cohesion, 
elasticity,  etc.,  the  equation  will  still  be  true,  only  g  should  be 
replaced  by  some  other  letter,  as  a. 

Now  let  us  learn  what  is  the 

§  96.  Measure  of  the  effect  of  a  force.  —  One  measure  we 
know  already,  —  the  product  of  the  force  into  the  distance 
through  which  it  acts  ;  that  is,  tlie  loork  done,  or  the  energy 
imparted  to  the  body  moved,  is  a  measure  of  the  effect  of  a  force. 
If  the  force  is  measured  in  dynes,  and  the  distance  in  centi- 
meters, the  work  done  will  be  expressed  in  a  C.G.S.  unit  called 
an  erg.  An  erg  is  the  loork  done  or  energy  imparled  by  a  force 
of  one  dyne  ivorJcing  through  a  distance  of  one  centimeter.  Be- 
sides the  erg  we  have  the  common  gravitation  units,  the  kilo- 
grammeter.  and  foot-pound  ;  that  is,  we  have  another  measure  just 
as  we  may  have  various  kinds  of  measures  for  common  things  ; 
just  as,  for  instance,  we  may  express  lengths  in  inches,  meters, 
or  miles  ;  masses,  in  grains  or  pounds,  etc. 

Experiment  1.  Suspend  by  a  long  cord  a  heavy  body,  — 10''  or  more, 
—  aud  with  a  string  attached  to  the  body  draw  it  to  one  side,  pulling 
for  two,  four,  and  six  seconds,  aud  let  go.  The  longer  j'ou  pull  tlie 
greater  is  the  velocity  given  to  the  body,  provided  it  is  not  moved  far 
fi'om  its  place  of  rest. 

Experiment  2.  Suspend  by  a  string  l""  long  a  stone  whose  mnss  is 
(say)  "jk.  Attach  to  tiie  stone  a  No.  36  cotton  thread;  this  will  sup- 
port about  I''.  Pull  the  ball  slowly  to  one  side;  when  it  has  b<>eii 
drawn  about  20'^'"  from  its  place  of  rest,  the  thread  will  break  aud  tlu- 
ball  will  swing  back  to  the  other  side  like  a  pcndidum,  and  so  when  il 
passes  through  its  lowest  point  it  has  a  definite  momentum. 

Attach  new  pieces  of  thread,  and  pull  more  and  more  quickly,  break- 
ing the  thread  each  time;  the  motion  produced  is  less  and  less.  As 
the  string  is  straightened  the  pull  on  it  increases  from  zero  to  l"*;  so 
the  average  force  each  time  is  al)out  the  same;  in  gravitation  units, 
nearly  or  exactly  l^.  Ileic,  as  before,  with  the  same  force,  the  momev.- 
turn  produced  varies  as  the  time  duriiuj  which  the  force  acts' 
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But  if  we  use  stronger  and  strouger  threads,  wo  may  pull  more  and 
more  quickly  thau  at  first,  and  yet  give  to  the  ball  just  the  same  mo- 
mentum as  at  first;  that  is,  the  effect  of  a  greater  force  acting  for  a 
shorter  time  is  to  pi'oduce  the  same  momentum. 

So  far  then  as  our  experiments  go,  they  teach  that  the  product 
of  a  force  into  tlie  tune  it  acts,  or  the  momentum  produced,  is  a 
measure  of  the  effect  of  a  force.  We  may  draw  the  same  conchi- 
sion  from  our  last  equation,  F  =  Mg  :  multiply  both  sides  by  T, 
the  time  during  which  the  force  acts,  and  we  have  FT  =  Mg'V 
=  M  V  =  Momentum.  ■  If  T  equals  one  second,  we  see  that 
the  momentum  of  a  moving  body  is  the  measure  of  the  force 
that  would  in  one  second  give  it  this  motion.  It  is  evident 
that  if  motion  is  to  be  produced  by  a  force  acting  for  a  very 
short  time,  the  force  must  be  enormous. 

We  have,  then,  two  measures  of  the  effect  of  a  force,  — mo- 
mentum  and  energy.  The  first  is  found  by  multiplying  the  force 
b}'  the  time  it  acts ;  the  second,  by  multiplying  the  force  by  the 
space  through  which  it  acts.  The  latter  can  also  be  found  by 
multiplying  the  momentum  by  one-half  the  velocity.  One  is 
MV  ;  the  other  is  ^MV^.  Which  is  the  correct  measure?  Both 
are  correct ;  so  the  question  now  is.  Which  is  the  more  useful .'' 
Experience  shows  that  momentum  is  a  useful  measure  only  in 
cases  where  the  force  acts  all  the  time  in  the  line  of  motion,  as 
in  falling  bodies,  or  where  it  acts  for  so  short  a  time  that  the 
bod\'  does  not  sensibly  change  its  position  during  the  action,  as 
in  the  cases  of  a  blow,  a  jerk,  collision  between  balls,  etc. 
Experience  further  shows  that  energy  in  all  cases  gives  a  useful 
measure.  , 

§  97.  Summary  of  mechanical  units,  and  formulas  for 
their  determination.'  — The  following  tal)k'S  show  the  quanti- 
ties measured,  the  unit  of  each  in  the  C.G.S.  system,  and  the 
formulas  for  the  determination  of  the  derived  quantities  :  — • 

'  It  is  not  expected  that  pupils  of  the  ordinarj'  liigh  school  will  master  this  sec- 
tion; yet  they  may  frequently  fiiul  it  convenient  for  reference,  while  the  more 
advanced  student  cannot  fail  to  be  greatly  profited  by  its  careful  study. 
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FUNDAMENTAL  QUANTITIES   ANT)  UXITS. 

Length  (L  or  S) l"^™. 

Mass  (M) IS. 

Time  (T) 1  sec. 

DERFV^ED  QUANTITIES,  UNITS,  AND  FORmiLAS. 
Velocity  (V)  =  rate  of  motion ;  unit,  1<=™  per  sec. ;  in  uniform  motion, 

V  =  |-  (1) 

Acceleration  (A)  =  rate  of  change  in  velocity ;   unit,  an  increase  of 

velocity  in  1  sec.  of  1'='°  per  sec. ;  body  starting  from  rest  under 

V 
constant  force,  A  =  —  •  (2) 

Force  (F) ;  unit,  1  dyne  =  a  force  that  in  1  sec.  imparts  to  is  a  velocity 
of  1'=°' per  sec. ;  .•   F=MA.  (3) 

Work  or  Energy  (E) ;  unit,  1  erg  =  the  work  done  by  1  dyne  working 
tlirough  l*:"!;  .-.  E  =  MAS  =  FS.  (4) 

Rate  of  doing  work,  or  Work  Power  (P) ;    unit,   1   erg  per  sec. ; 

P  =  ^.  (5) 

Momentum;  unit,  is  moving  with  a  velocity  of  l'^'"  per  sec,  or  that 

produced  by  1  dyne  in  1  sec. ;  Momentum  =  M  V. 

MV 
From  (2)  and  (3)  we  have  the  very  useful  equations,  F  =  -=r  an^l 

y=^-  (6)  and  (7) 

A  body,  mass  M,  acted  upon  by  the  force  F,  starting  ft-om  rest  will 

FT 
acquire  in  time  T  a  velocity  V  =  -^  •    The  acceleration,  which 
■p  JVl 

from  (3)  is  =  — ,  is  a  constant  quantity,  and  the  whole  space 

passed  over  will  be  equal  to  the  time  T  multiplied  by  the  mean 
velocity.    The  latter  is  one-half  the  final  velocity ;  hence,  mean 

FT  F  T'' 

V  ^  —T.,  and  S  =  — r:  (an  equation  of  great  importance).  (8) 

2  M  2  M 

To  find  an  expression  for  the  energy  of  a  moving  body  combine  (4)  and 
(8):  W  =  :^;  butFT^MV,  .-.  E-.-^-  (9) 

Anywhere  in  the  Northern  States,  the  weiglit  of  is     980  dynes. 
Ikgm  =  98,000,000  ergs ;  1  foot-pound  =  13,550,000  ergs. 
1  horse-power  =  447,000,000,000  ergs  per  min. 

§  98.   Transformation  of  energy.  —  In  the  operation  of 
raising  the  stone  (§  92) ,  kinetic  energy  is  transformed  into  poteu- 
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tial  energy.  During  its  descent  it  is  re-transformed  into  kinetic 
energy.  If,  instead  of  being  attaclied  to  machinery,  and  tliereby 
made  to  do  work,  the  stone  is  allowed  to  fall  freel}-,  it  acquires 
great  velocit}' .  On  striking  the  ground,  its  motion  as  a  body 
suddenly  ceases,  but  its  molecules  have  their  quivering  motions 
accelerated.  Mechanical  motion  is,  there b}',  transformed  into 
heat.  We  shall  often  have  occasion  to  examine  the  transforma- 
tions of  energy,  as  into  electric  energy,  heat,  etc.,  but  never 
of  momentum.  We  shall  study  Joule's  equivalent  (§  146), 
expressing  the  relation  between  the  unit  of  energy,  or  work, 
and  the  unit  of  heat ;  but  it  is  certain  that  there  is  no  relation 
between  the  latter  and  the  unit  of  momentum. 

§  99.  Physics  defined.  —  All  physical  phenomena  consist 
either  alone  in  transferences  of  energy  from  one  portion  of 
matter  to  another,  or  in  both  transferences  and  transformations 
of  energy.  Transformations  may  be  from  one  condition  of 
energy  to  another,  as  from  kinetic  to  potential ;  or  from  one 
phase  of  kinetic  energy  to  another,  as  from  mechanical  motion 
to  heat ;  or  both  ma}'  occur,  as  when  the  falling  stone  does 
work,  a  part  of  its  energ}'  being  expended  in  producing  mechan- 
ical motion,  and  a  part  being  transformed  into  heat,  occasioned 
by  friction  of  the  moving  parts. 

Physics  is  that  branch  of  natural  science  tvhicJi  treats  of  trans- 
ferences and  transformations  of  energy.  It  does  not,  however, 
in  its  usual  limitation,  include  a  group  of  phenomena  which  occur 
outside  the  earth,  and  also  a  group  whose  essential  character- 
istic is  an  alteration  in  the  nature  of  the  material  considered. 
Tlie  study  of  the  former  group  is  the  object  of  Astronomy;  of 
the  latter,  that  of  Chemistry. 

QUESTIONS   AND    PROBLEMS. 

1.  Does  the  energy  expended  in  raising  the  stones  to  their  places  in 
tlie  Egyptian  pyramids  still  survive? 

2.  What  liiud  of  energy  is  that  contained  in  gunpowder? 

3.  What  transformation  of  energy  talies  place  in  burning  coal? 

4.  When  steam  works  by  expansion,  its  temperature  is  reduced.  Why? 
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5.  How  much  work  is  done  per  hour  if  80''  are  raised  4™  per  minute? 

6.  (a)  Wliat  ener<r3'  nuist  l)e  impaited  to  a  body  weigliiug  ous  that  it 
may  rise  4  seconds?  (b)  How  many  times  as  much  energy  must  be 
imparted  to  tlie  same  body  that  it  may  ascend  5  seconds?     (c)  Why? 

7.  Compare  tlie  momenta,  in  tlie  two  cases  given  in  the  last  question, 
at  the  instants  tlie  body  is  thrown. 

8.  How  much  energy  is  stored  in  a  body  which  weighs  50'',  at  a 
hight  of  S0">  above  the  eartli's  surface? 

9.  Ilow  much  energy  would  the  same  body  have  if  it  had  a  velocity 
of  100™  per  second? 

10.  Suppose  it  to  fall  in  a  vacuum,  how  much  kinetic  energy  would 
it  have  at  the  end  of  the  fourth  second? 

11.  If  it  should  fall  through  the  air,  what  would  become  of  a  part  of 
the  energy? 

12.  A  projectile  weighing  25''  is  thrown  vertically  upward  with  an 
initial  velocity  of  29.4'"  per  second.     Ilow  much  energy  has  it? 

13.  What  becomes  of  its  energy  during  its  ascent? 

14.  (a)  Compare  the  momentum  of  a  body  weighing  50'',  and  having 
a  velocity  of  2'"  per  second,  with  the  momentum  of  a  body  weighing 
50S,  having  a  velocity  of  100'"  per  second,  {b)  Compare  their  ener- 
gies. 

15.  Which,  momentum  or  energy,  will  i  ;uible  one  to  determine  the 
amount  of  resistance  that  a  moving  body  may  overcome? 

16.  E.xplain  how  a  child  who  cannot  lift  oO''  can  draw  a  carriage 
weighing  150''. 

17.  A  car  weighing  (JOOO''  is  drawn  by  a  horse  with  a  speed  of  100'"  per 
minute.  The  index  of  the  dynamometer  to  which  the  horse  is  attache  d 
stands  at  40''.  {a)  At  what  rate  is  the  horse  working?  {b)  Express 
the  rate  in  horse-powers.     (See  §  DO.) 

18.  A  dynamometer  shows. that  a  span  of  horses  pull  a  plow  with 
a  constant  force  of  70''.  What  power  is  required  to  work  the  plow  if 
they  travel  at  the  rate  of  3*""  per  liour? 

19.  What  horse-power  in  an  engine  will  raise  1,350,000''  5'"  in  an 
hour? 

20.  How  long  will  it  take  a  3  horse-power  engine  to  raise  10  tons  50 
feet? 

21.  Ilow  far  will  a  2  horse-power  engine  raise  lOOO**  in  10  seconds? 

22.  How  much  work  can  a  5  horse-power  engine  do  in  an  hour? 

23.  How  long  would  it  take  a  man  to  do  the  same  work,  the  amount 
of  work  a  man  can  do  in  a  day  being  about  'J0,000''K"'? 

24.  If  you  would  increase  the  energy  of  a  moving  body  fourfold, 
Jiow  nmch  must  you  increase  its  velocity? 
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§100.  Uses  of  machines.  — Experiment  1.  Obtain  from  a 
hardware  store  two  or  three  pulleys,  and  arrauft-e  apparatus  as  in  Fig. 
m.  The  dynamometers  a  and  b  read  4  11)S.  eacli,  showing  that  the 
power  (P)  employed  to  support  each  weight  (VV)  of  8  lbs.  is  just  one- 
half  of  the  weight.!  jf  the  power  applied  in  each  instance  is  slightly 
increased,  the  weights  will  rise.  Raise  each  of  the  weights  and  meas- 
ure the  distances  traversed  re- 
spectively by  W  and  P  iii  each. 
Through  what  distance  must 
.P  move  that  W  may  l)e  raised 
one  foot.  What  amount  of 
work  is  done  in  raising  8  lbs. 
one  foot?  How  does  this  work 
compare  with  the  work  done 
at  P?  Is  any  work  saved  by 
raising  the  weight  by  means 
of  the  pulley  instead  of  lifting 
it  directly?  Is  a  force  of  less 
intensity  required  when  tlie 
pulley  is  used?  Since  tlie 
string  is  light,  and  passes 
round  freely  revolving  p  1- 
leys,  its  tension  may  Ije  sip- 
posed  to  lie  tlie  same  throuuii- 
out  its  length.  What  is  i  s 
ter.sion?  Since  the  8  lbs.  is 
supported  by  two  i)arallel 
portions  of  the  string,  wliat 
must  the  tension  be?  Wliat 
does  tlie  dynamometer  P  show  the  tension  lo  lie? 

Experiment  2.  Let  P  and  W  of  A  excliange  places.  The  index  of 
tlie  dynamometer  a  now  reaches  ]C,  lbs.  There  seems  to  be  in  this  case 
a  loss  of  power,  for  a  power  of  1(5  lbs.  is  only  able  to  sustain  a  weight 
of  8  lbs.  But  so  far  no  work  has  been  done.  (Why?)  Raise  W,  and 
measure  the  distance  traversed  respectively  by  P  and  W.  P  moves 
only  two  ft.  for  every  4  ft.  that  W  moves.  Now,  2  (ft.)  X  IG  (lbs.)  = 
32  foot-pounds  of  work  done  by  P.  And  4  (ft  )  X  8  (lbs.)  =32  foot- 
4)ounds  of  work  done  upon  W.  We  thus  learn  that,  when  the  power  is 
employed  in  doing  work,  there  is  really  no  loss  of  power  in  this  method 
of  applying  the  apparatus.     Is  there  any  advantage  gained  in   this  case 

1 A  Binall  allowance  must  be  lualc  for  the  weight  of  the  movable  pulleys. 
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Fig.  97 


by   the   use   of   apparatus?     We  found  that  W  moved   twice  as    far 
and,  coiisequeutly,  witli  twice  the  velocity,  th;it  P  moved. 

It  thus  appears  that,  if  it  should  be  desirable  to  move  a  weight  with 
greater  velocity  than  It  is  possible  or  convenient  for  the  power  to 
move,  it  may  be  accomplished  through  the  mediation  of  a  maclilne,  by 
applying  to  it  a  power  proportionately  greater  than  the  weight.  This 
apparatus  is  one  ot  many  contrivances  called  machines,  through  the  medi- 
ation of  which  power  can  he  applied  to  resistance  more  advantageously 
than  when  it  is  applied  directiij  to  the  resistance.  Some  of  the  many 
advantages  derived  from  the  use  of  macliincs  are  :  — 

(1)  They  moAf  enable  us  to  overcom,e  o.  large  resist- 
ance with  a  comparatively  small  power  by  causing  the 
power  to  move  throvgh  a  proportionately  greater  dis- 
tance, {\.Q.,  with  greater  velocity);  or,  conversely ,  they 
may  enahle  us  to  secure  great  velocity  (i.e.,  to  do  work 
with  great  speed)  hy  employing  a  power  proportion- 
ately greater  than  the  resistance. 

(2)  They  may  enable  its  to  employ  a  force  in  a 
direction  that  is  more  convenient  than  the  direction  in 
which  the  resistance  is  to  be  moved. 

{\'i)  They  may  enable  us  to  employ  other  forces  than 
our  own  in  doing  work ;  e.g.,  the  strength  of  animals, 
the  forces  of  wind,  water,  steam,  etc.  (How  are 
tlie  last  two  uses  illustrated  in  Fig.  97?) 

The  ratio  of  the  weight  to  the  power  in  anj'  system 
nC  ]nilleys  may  be  easily  calculated  by 
Miakliig  use  of  the  fact  that  the  tension 
of  the  same  string  is  the  same  througii- 
out  its  length  so  long  as  it  passes  round 
nothing  except  a  freely  revolving  pulley. 
Tlie  weight  is,  of  course,  the  resultant  of  tlie  tensions  supporting  it, 
and  the  power  is  the  tension  or  the  resultant  of  the  tensions  by  which  it 
is  supported.     What  is  the  ratio  of  the  weight  to  the  power  in  Fig.  97? 


§  101.  Law  of  Machines.  — Let  P  be  the  power  applied  to 
a  machine,  p  the  distance  through  which  it  moves  in  a  given 
time,  W  the  weight  moved  or  exteriial  resistance  overcome,  and 
IV  the  distance  througli  wliicli  it  is  moved  in  tlie  same  time  ; 
then  the  mechanical  work  api)lied  to  the  machine  is  Vp  (f-g.,  in 
kilugrammeters  or  foot-pounds),  and  the  iiicrlianicnl  work  done 
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b}'  the  machine  is  Wu\  Now  we  have  learned  from  the  above 
experiments  that  (1)  Vjy^^Wiv. 

Hence  we  have  for  all  machines,  without  exception,  the  follow- 
ing general  law  :  The  work  apj^lied  to  a  7nac?iine  is  equal  to  the 
work  done  by  the  mnchine. 

No  machine,  therefore,  creates  or  increases  energy.     No  ma- 
chine gives  back  more  energy  than  is  spent  upon  it.     P  can  be 
made  as  small  as  we  please  by  taking  p  great  enough :  in  this 
case  we  see  that  in  proportion  as  power  is  gained,  time,  distance, 
or  velocity  is  lost.     On  the  other  hand,  AV  remaining  the  same, 
w  (the  distance  traversed  by  ^Y  in  a  given  time,  i.e.,  its  velocity) 
may  be  increased  indefinitely  by  taking  P  large  enough  :  in  this 
case,  as  velocity,  time,  or  space  is  gained,  power  is  lost.     A  ma- 
chine, then,  is  much  like  a  bank  :  it  pays  out  no  more  than  it 
receives.     A  bank  will  give  3-ou  in  exchange  for  a  fifty-dollar 
note  fifty  one-dollar  notes  ;  or,  for  fifty  one-dollar  notes,  de- 
posited euccessively,  it  will  return  to  you  a  fifty-dollar  note.     In 
a  similar  manner,  if  you  apply  to  a  machine  a  power  sufficient 
to  move  50  lbs.  1  ft.,  you  may  get  fiom  it  the  ability  to  move 
1  lb.  50  ft.  ;  or,  if  you  apply  to  a  machine  a  force  of  1  lb.  suc- 
cessively through  50  ft.  of  space,  you  may  get  from  it  the  ability 
to  move  50  lbs.  through  1  ft.  of  space. 

In  our  discussion  hitherto  we  have  ignored  the  internal  resist- 
a,nces,  chiefly  due  to  friction,  which  exist  in  every  machine.  The 
whole  work  done  by  a  machine  is  practically  divided  into  two 
parts,  —  the  useful  part  and  the  wasted  part ;  the  former,  ex- 
pressed as  a  fraction  of  the  whole,  is  usually  called  the  efficiency 
or  modulus  of  the  machine.  But  energy  is  indestructible.  That 
portion  of  the  visible  energy  that  is  apparently  destroyed  by 
friction  is  transformed  into  heat,  which  is  wasted,  so  far  as  the 
work  to  be  done  by  the  machine  is  concerned.  Let  I  represent 
internal  work  performed  in  tlie  machine,  i.e.,  the  wasted  work, 
and  W  w  the  external  work  ;  then  our  general  formula  for 
machines,  as  modified  in  its  practical  ai^plications,  becomes. 

(2)  Yp=^Y  w-{-l; 
that  is,  the  work  applied  to  a  machine  ii  equal  to  the  effective 
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?ro/7i-,  plus  the  interval  woi-k  clone  by  the  muchhie.  So,  that  so 
far  IVoin  any  machine  being  a  source  of  energ;/,  as  is  sometimes 
evroneousl}'  supposed,  no  maciiine  practically  returns  as  much 
energy  as  is  apphed  to  it. 

By  division,  Formuhi  (1)  P^)  =  Wiv  becomes 

(3)   -^=1^ 

i.e.,  weight  :  jjower  :  :  ihe  distance  throvgh  n-Jil  h  the  pmcir 
mores    :    hf  distunce  thiongh   uhich  the  iveiyht   is  m>ve<lin  the 

sane  time.  Prob- 
k'nis  pertaining  to 
machines  may  gen- 
erally be  solved  by 
Formula  (0),  and 
afterwards  suitable 
allowances  may  be 
made  for  the  in- 
trinal  work  done. 
Thus,  suppose  that 
P  (Fig.  99)  is  10 
11  IS.,  and  it  is  re- 
(jiiired  to  find  what 
weiiilit  (W)  it  will 
raise  By  experi- 
ment, and  also  by 
geometry,  we  find 
that  P  travels  8  ft. 
while  "NV  travels  4 
ft.  'I'licn,  X  tW)  :  10  (P)  :  :  H{j>)  :  4{iv)  ;  whence  .r  =  20  lbs. 
The  20  lbs.  in  W  is  just  sutFicient  to  balance  the  10  lbs.  in  P; 
anything  less  than  20  lbs.  will  be  raised. 

It  is  to  be  observed  that,  as  we  saw,  §  89,  work  is  not  always, 
or  even  usually,  expended  in  raising  a  weight,  but  in  overcom- 
ing resistance  of  any  kind  ;  so  we  may  interpret  Formida  (3) 
thus:  resistance  :  poicer  :  :  the  di.stavce  throngh  lohirh  the  power 
moves  :  the  distance  through  ichich  the  resistance  is  overcome. 
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QUESTIONS    AND    PROBLEMS. 

1.  If  the  power  applied  to  any  macliiiie  is  2'',  and  it  moves  with  a 
velocity  of  lO""  per  second,  wit^  vvhat  velocity  c;in  it  move  a  resistance 
of  10''?    To  how  great  a  load  could  it  give  a  velocity  of  50™  per  second? 

2.  A  power  of  50'',  moving  through  a  space  of  lOO"',  is  capable  of 
moving  how  many  kilograms  through  a  space  of  2™?  What  advantage 
would  be  gained  by  the  use  of  the  machine  ? 

3.  Watch  the  movements  of  the  foot  in  working  the  treadle  of  a 
sewing-machine,  also  the  movements  of  the  needle  in  sewing,  and 
determine  what  mechanical  advantage  is  gained  by  the  machine. 

4.  Arrange  three  levers,  as  in  Figure  98 ;  and,  calling  the  distance 
(ah)  of  the  power  from  the  prop  the  power-arm  of  the  lever,  and  the 
distance  (be)  of  the  weight  from  the  prop  the  weight-arm,  verify  by 
experiment  the  following  special  formula  for  levers  :  — 

W  _  £  _  power  -  arm 
P      w     weight-arm 

N.B.— Equilibrium  must  first  be  established  between  the  two  arms  of  the  first 
lever,  by  placing  weights  on  the  short  arm. 

5.  Ascertain  the  advantage  that  may  be  gained  by  eacli  k  ver. 

6.  A  lever  is  To"^"!  long ;  where  must  the  prop  be  placed  in  order  that 
a  power  of  2''  at  one  p.     ^ 

end  may  move  4^  at 
tlie  other  end?  Wliat 
will  be  the  pressure 
on  the  prop? 

7.  Show  that  the 
results  obtained  in 
the  last  problem  are 
consistent  with  the 
third  law  of  parallel 
forces  (§72). 

8.  What  advantage 
is  gained  by  a  lever, 
when  its  power-arm 
is  longer  than  its  weight-arm?     What,  when  its  weight-arm  is  longer? 

9.  Two  weights,  of  5^  and  20^,  are  suspended  from  the  ends  of  a. 
lever  70<'"  long.    Where  nmst  tlie  prop  be  placed  that  they  may  balance .-' 

10.  What  mechanical  advantage  is  gained  by  a  lemou-squeezer? 

11.  If  P  (Fig.  99),  weighing  1  lb.,  is  suspended  15  spaces  from  the 
fulcrum  of  the  steelyard,  what  weight  (W)  suspended  3  similar  spaces 
l-he  other  side  of  the  fulcrum  will  balance  it? 
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12.  How  would  you  weigh  out  6  lbs.  of  tea  with  the  same  steelyard? 

13.  If  the  circumference  of  the  axle,  Figure  100,  is  G0«'",  and  the 
power  applied  to  the  crauk  travels  2W'^  during  each  revolution,  what 
power  will  be  necessary  to  raise  the  bucket  of  coal  weighing  (say)  40^? 

14.  How  many  meters  must  the  power  travel  (Fig.  100)  to  raise  the 
bucket  from  a  cavity  10™  deep? 

15.  (a)  In  the  train  of  wheels  (Fig.  101),  if  the  circumference  of 

-p-     100.  the  wheel  a  is  30  in.,  and  that 

of  the  pinion  b  is  4  in.,  a  power 
of  1  lb.  at  P  will  exert  what 
force  on  the  circumference  of 
the  wheel  d  ?      (&)  If  the   cir- 
cumference of  the  wheel  d  be 
30  in.,  and  that  of  the  pinion  c 
C  in.,  tlie  power  of  1  lb.  at  P 
will  exert  what   foree  on  the 
circumference  of  the  wheel/? 
(c)  If  the  circumference  of  the 
wliccl/be  40  in.,  and  tliat  of  the  axle  e  8  in.,  how  many  pounds  in  W 
will  be  necessary  to  prevent  motion  of  the  train   of  wheels,  when  P 
Fig.  101.  weighs  1  lb.?     (d)  If  W  has  a 

velocity  of  5   ft.  per  second, 
what  will  be  P's  velocity? 

16.  Prepare  a  special  for- 
mula for  the  solution  of  prob- 
lems pertaining  to  the  wheel 
and  axle. 

17.  The  weight  W  (Fig. 
102),  in  traversing  the  in- 
clined plane  AB,  only  rises 
through  till'  vertical  higlit  CR, 
while  P  nuist  move  through  a 
distance  e(pial  to  AB.  Let 
I.  represent  the  length  of  an 
inclined  plane,  and  II  its  hight, 
and  prepare  a  special  formula 

for  the  solution  of  problems  pertaining  to  the  inclined  plane. 

18.  A  skid  12  ft.  long  rests  one  end  on  a  cart  3  ft.  high,  and  the 
other  end  on  the  ground.  What  force  must  a  boy  exert  while  rolling  a 
barrel  of  flour  weighing  200  lbs.  over  the  skid  into  the  cart? 

19.  During  one  revolution  a  screw  advances  a  distance  eipial  to  the 
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distance  between  two  turns  of  the  thread,  measured  in  the  direction  of 
the  axis  of  the  screw.  Suppose  the  screw  in  the  letter-press,  Figure 
103,  to  advauce  \  in.  at  each  revolution,  and  a  power  of  25  lbs.  to  be 
applied  to  the  circumference  of  the  wheel  b,  whose  diameter  is  14  in. 
What  pressure  would  be  ex- 
erted on  articles  placed  be- 
neath the  screw.  [The  cir- 
cumference of  a  circle  is 
3.1416  times  its  diameter.] 

20.  The  toggle-joint  (Fig. 
104)  is  a  machine  employed 
where  great  pressure  has  to 
be  exerted  through  a  small 
space,  as  in  punching  and 
shearing  iron,  and  in  print- 
ing-presses, in  pressing  the  types   forcibly  against  the  paper.     An 

illustration   may  be  found  in  the 
joints  used  to  raise  cai-riage-tops. 
Force  applied  to  the       ^ig.  104. 
joint    c    will    cause 
the  two  links  ac  and 
be    to    be    straight- 
ened, or  carried  for- 
ward to  d,  while  the 
guides  move  through 
a  distance  equal   to 
{ac  +  be)  —  ab.      If 
de  =  10'='",  ab  =  98<^"\ 
and  ac  -f  fee  =  100"^™, 

then  a  force  of  80s  applied  at  c  would  exert  what  average  pressure 

oti  obstacles  in  the  path  of  the  guides? 

21.  Show  that  the  hydrostatic  press  conforms  in  its  operations  to 
the  general  law  of  machines. 


§  100  b.  Moments  and  Equilibrium.  — We  often  find  it 
convenient  to  consider  the  tendency  of  a,  force  to  produce  rota- 
tion round  an  axis  which  is  at  right  angles  to  the  p'ane  in  which 
the  force  acts.  Take,  for  example,  any  one  of  the  levers  in  Fig. 
98,  the  force  P  has  a  tendency  to  produce  rotation  about  the 
point  6  in  one  direction,  wh'le  W  has  a  tendency  to  produce 
rotation  about  b  in  the  opposite  direction.     If  the  lever  is  just 


150  DYNAMICS. 

balanced,  these   two    tendencies    are  evideutlj^  equal  and  op- 
posite . 

This  tendency  of  a  force  to  produce  rotation  about  a  point, 
is  called  the  moment  of  that  force  with  respect  to  that  point,  or, 
more  briefly,  the  moment  of  that  force  about  that  point. 

From  experiments  already  made  with  levers  it  will  be  seen 
that  the  moment  of  a  force  F  aljout  a  point  0  varies  directly 
as  the  intensity  of  the  force,  and  also  varies  directly  as  the  per- 
pendicular from  O  on  the  line  of  action  of  the  force.  Hence, 
we  take  as  the  measui-e  of  the  moment  of  F  about  0  the  prod- 
uct of  the  measure  of  F  into  the  measure  of  the  perpendicular 
from  O  on  the  line  of  action  of  F.  What  is  our  unit  of 
moment?  What  is  the  moment  of  a  force  about  a  point  in  its 
line  of  action  ?  If  the  moment  of  a  force  P  about  O  is  equal 
and  opposite  to  the  moment  of  a  force  Q  about  O,  what  conclu- 
sion may  you  draw  concerning  the  line  of  action  of  the  resultant 
of  Panel  Q? 

When,  in  a  system  of  forces,  the  moments  about  a  point 
0  of  those  forces  of  the  system  wliich  tend  to  produce  rotation 
about  that  point  in  one  direction,  are  together  equal  to  the 
moments  about  0,  of  those  forces  of  the  system  which  tend 
to  produce  rotation  about  that  point  in  the  opposite  direction, 
the  moments  of  the  whole  system  are  said  to  vanish  about  the 
point  0. 

If  the  moments  of  a  system  vanish  about  a  point  O,  what  do 
you  know  about  the  line  of  action  of  the  resultant  of  that 
system  ? 

If  the  moments  of  the  system  vanish  about  O,  and  also  vanish 
about  P,  what  do  von  know  about  the  resultant  of  that  system? 
If  the  moments  vanish  about  each  of  three  points  O,  P,  and  Q, 
what  do  you  know  about  the  resultant?  If  O,  P,  and  Q  are  not 
in  the  same  straight  line,  what  do  you  know  about  the  resultant? 
Can  the  lini'  of  action  of  the  resultant  of  a  s^'stem  of  forces  be 
other  tlian  a  straiglit  line?  If  a  system  of  forces  is  in  e(iui- 
Jibrjum,  that  is,   if  the   forces    are  such   as  to  counteract  oiiQ 
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another,  and,  taken  together,  produce  no  effect,  is  there  any 
point  about  which  their  moments  do  not  vanish? 

If  the  resolved  parts  (§  70)  of  a  system  of  forces  along  a 
line  in  one  direction  are  together  equal  to  the  resolved  parts  of 
the  same  system  along  the  same  line  in  the  opposite  direction, 
the  resolved  parts  of  that  system  are  said  to  vanish  along  that 
line. 

If  the  resolved  parts  of  a  system  of  forces  vanish  along  the 
line  A  B,  can  that  system,  as  a  whole,  produce  any  motion 
along  A  B  in  either  direction.  In  the  above  case,  what  do  you 
know  about  the  resultant  of  the  system? 

If  the  resolved  parts  of  the  system  vanish  along  A  B,  and  also 
along  C  D,  what  do  you  know  about  the  resultant?  If  A  B  and 
C  D  are  not  parallel,  what  do  you  know  about  the  resultant? 
Can  the  line  of  action  of  the  resultant  be  at  riglit  angles  to 
each  of  two  lines  wliich  are  not  parallel  to  each  other?  If  a 
system  of  forces  is  in  equilibrium,  is  there  an\'  line  along  which 
their  resolved  parts  do  not  vanish?  If  the  resolved  parts  of  a 
system  vanish  along  each  of  two  lines  not  parallel  to  each  other, 
is  the  sj'stem  necessarily  in  equilibrium?  Is  a  couple  (§  73)  in 
equilibrium?  Do  the  resolved  parts  of  a  couple  vanish  along 
each  of  two  lines  not  parallel  ? 

From  a  careful  consideration  of  the  foregoing  questions  the 
pupil  will  see  the  truth  of  the  following  propositions,  which  are 
very  important :  — 

EQUILIBRIUM    OF    FORCES    ACTING    IN   THE    SAME   PLANE. 

1 .  If  a  system  of  forces  is  in  equilihrium  the  resolved  parts  of 
the  system  vanish  along  any  line  ivhatever,  and  the  moments  of 
the  system  vanish  about  any  point  whatever. 

2.  If  the  tnoments  of  a  system  of  forces^  all  in  the  same  plane  ^ 
vanish  about  each  of  three  points  not  in  the  same  straight  line,  the 
system  must  be  in  equilibrium. 

3.  Jf  the  moments  of  a  system  of  forces,  all  in  the  same  jylane, 
vanish  about  one  point,  and  their  resolved  parts  vanish  along  each 
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of  two  straight  lines  not  parallel  to  each  other,  the  system  musthe 
in  equilibrium. 

If  it  is  known  tliat  a  system  of  forces  is  in  equilibrium,  the 
fiist  proposition  may  be  made  use  of  to  form  equations  involving 
the  intensities  and  lines  of  action  of  the  various  forces,  from 
wiiich  equations  such  intensities  and  lines  of  action  as  are  not 
known  may  be  determined. 

If  the  forces  of  the  system  all  act  in  the  same  plane  not 
more  than  three  independent  equations  can  be  based  upon  the 
fact  that  the  system  is  in  equilibrium.     Win'? 

Example   1. 

A  uniform  beam, 
A  B,  20  feet  long, 
weighing   300 
lbs.,  rests  with 
one  end  against 
a  smooth,  verti- 
cal   wall,    C  D, 
and    the    other 
end  on  a  smooth, 
h  o  r  i  z  o  u  t  a  1 
piano,  C  B,  this 
end   being    tied 
by  a  cord,  C  B, 
In- 
t  h  e 
forces     acting 
upon  the  beam. 
The  beam  is  evidently  acted  upon  by  four  forces,  namely  :  1st,  its 
own  weight,  .'jOO  lbs.,  whicb,  since  the  beam  is  uniform,  may  be  sup- 
posed to  act  at  K,  the  middle  point  of   A  B ;   2d,  the  tension  of  the 
string  CB,z  lbs.,  acting  at  B  in  tiie  direction  B  C ;  3d,  the  pressure  of 
the  wall-,  X  lbs,  acting  at  A  at  right  angles  to  the  wall,  since  the  wall  is 
smooth;    4th,  the  pressure  of  tlie  lloor,  y  lbs,  acting  at  B  at  right 
angles  to  the  floor  since  the  floor  is  smooth. 

The  beam  and  the  forces  acting  upon  it  are  represented  in  Fig.  E. 
Since  the  beam  is  at  rest,  the  forces  iioting  upon  it  are  in  (Mjuilibriiim  ; 
tlierefore,  ajiplying  the  Urst  proposition  above,  we  have  the  following 
equations :  — 


16  ft.  long, 
vestigate 
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Because  the  resolved  parts  of  the  system  vanish  along  a  horizontal 
line, 

^  =  ^ (!)• 

Because  the  resolved  parts  vaui>h  along  a  vertical  line, 

2/ =  300 (2). 

Because  the  moments  vanisli  about  any  point  (say)  H, 

zB  H  =  300  O  II (3). 

Now,  since  A  B  H  is  a  right-angled  ti-iangU',  :uul  A  15  is  twenty  fret, 

and  A  H  =  C  B  =  ID  IVet ;   tlierefoi-e,  B  II  =  12  feet.     (Euclid  I,  47  ) 

Therefore,  substituting  in  equation  (3)  we  have 

12  z  =  300  X  8 

.100  X  8 
z  = — =  200 

But   ar^z 
.-.     x  =  200 
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Example  2.      Let    A 

B  (Fig.  F)  be  a  smooth 

inclined  plane,  the  angle 

A   being  30".         Let    a 

heavy  particle  placed  at 

1)  be  kept  at  rest  by  a 

string,  D  B.    Investigate 

the  forces  acting  on  this 

particle.      The    particle 

is    evidently    acted    on 

by  three  forces,  namely  : 

1st,  its  own  weight,  100 

lbs.,  acting  like  all  weights  vertically  downward  ;  2(1  the  tension  of  tiie 

string,  %  lbs.,  acting  in  line  V)  B ;  3d,  tlie  pressure  of  the  plane,  y  lbs. 

acting  at  1),  and,  since  the  plane  is  smooth,  acting  at  right  angles  to 

the  plane. 

Since  the  particle  D  is  at  rest,  tlie  forces  acting  on  it  are  in  equili- 
brium; therefore,  applying  the  same  proposition  as  before,  we  have  the 
following  equations  :  — 

Because  the  resolved  parts  vanish  along  tliL' lino  AB  and  the  angle 
A  D  E  =  GO", 

X  =  100  X  4  =  50. 

Because  the  resolved  parts  vanish  along  D  H,  and  the  angle  E  1)  II 
=  30°, 

y  =  100  X     .,  =  :.o.y  3 


154  DYKAlSnCS. 

To  apply  the  above  proposition  correctly,  the  pupil  must  be 
careful  to  take  note  of  all  the  forces  of  the  system    in  equi- 
librium, and  to  make  no  mistake  in  expressing  the  resolved  parts 
lud  moments.     Resolved  parts  are  discussed  in   §§  70  and  71^. 

QUESTIONS    AND    PROBLEMS. 

1.  If  j'oii  wish  to  base  an  equation  on  the  fact  that  the  moments  of 
a  system  of  forces  in  equUibrium  vanish  about  any  point  -wliatevir,  ami 
wish  the  equation  not  to  involve  a  particular  force  of  the  system, 
Avhere  should  you  choose  the  point?  If  you  wish  the  equation  not  to 
involve  either  of  two  forces  of  the  system,  what  point  uuist  j'ou 
choose?  If  you  wish  an  equation,  based  on  the  fact  that  the  resolved 
parts  of  the,  system  vanish  along  any  line  whatever,  not  to  involve  a 
particular  force  of  the  system,  what  line  should  you  choose? 

2.  A  uniform  beam  37  feet  long,  weighing  400  lbs.,  rests  with  one 
end  against  a  smooth  wall,  and  the  other  end  on  a  smooth  floor,  this 
end  being  fastened  by  a  cord  12  feet  long  to  a  peg  at  the  bottom  of  the 
Avail ;  find  the  tension  of  the  cord. 

3.  In  Example  2,  if  the  weight  of  tlie  beam  acted  at  a  i)olut  J  of  its 
length  from  the  lower  end;  find  the  reactions  of  the  wall  and  floor. 

4.  A  beam  A  B,  weighing  120  lbs.,  acting  at  its  mitldle  point,  is 
made  to  rest  against  a  smooth  vertical  wall  and  on  a  smooth  floor,  by  a 
force  applied  horizontally  to  the  foot;  find  the  force  if  the  inclination 
of  the  l)eam  is  (a)  30°,  (6)  45°,  (c)  60°. 

5.  In  Example  4,  if  a  weight  of  90  lbs.  was  suspended  on  the  l)eam 
at  a  point  (a)  J  of  its  length  froiu  the  foot,  (6)  |  of  its  length  from 
the  foot;  And  the  horizontal  force,  the  inclination  of  the  beam  being 
(a)  30°,  (i)  45°,  (0  60°. 

6.  In  Example  4,  if  the  weight  of  tliebeani  acted  at  a  point  I  of  its 
length  from  the  foot;  And  the  force,  the  inclination  of  the  beam  being- 
(a)  30°,  (6)  45°,  (c)  60°. 

7.  Taking  the  inclination  of  tlu-  beam  as  in  Exami)le  4.  lind  where 
a  weight  of  12(1  ll)s.  must  be  suspended  so  that  tl>e  horizontal  force  miy 
he  the  same  as  that  in  Example  5,  the  beam  i)eing  uniform,  and  weigh- 
ing IL'n  lbs. 

8.  .\  uniform  beam,  weiii'liiug  r.i)  lbs.,  rests  witii  one  end  airainst  a 
jx'g  in  a  smooth  hori/.outal  i)lane.  and  the  other  end  on  a  wall.  The 
point  of  contact  with  the  wall  divides  the  beam  into  parts,  as  3  ;  8, 
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find  the  pressure  on  the  peg,  and  the  reaction  of  the  wall,  the  inclina- 
tion of  the  beam  being  (a)  30°,  (i)  45°,  (c)  60°. 

9.  What  relation  must  the  moment  of  the  whole  weight  of  a  body 
about  any  line  bear  to  the  algebraic  sum  of  the  moments  of  the 
weights  of  its  several  parts  about  the  same  line? 

N.B.  By  algebraic  sum  of  the  moments  of  several  forces  about  a 
point  or  line  is  understood,  the  excess  of  the  sum  of  the  positive  mo- 
ments over  the  sum  of  the  negative  moments.  It  is  customary  to  con- 
sider a  moment  positive  when  the  tendency  to  rotation  is  in  the  direction 
opposite  that  in  which  the  hands  of  a  watch  move  when  you  are  look- 
ing at  its  face,  and  negative,  of  course,  when  the  tendency  to  rotation 
is  in  the  same  direction  as  the  hands  of  the  watch. 

10.  How  may  you  apply  the  answer  to  Question  9  to  find  the  distance 
of  the  centre  of  gravity  of  a  body  from  a  given  line,  when  the  weights 
of  the  several  parts  of  the  body  are  given,  and  the  distance  of  the 
centre  of  gi-avity  of  each  part  from  that  line  is  also  given? 

N.  B.  The  weight  of  a  body  may  be  supposed  to  act  at  its  centre  of 
gravity  (§73). 

11.  How  may  you  apply  the  answer  to  Question  10  to  find  the  posi- 
tion of  the  centre  of  gravity  of  the  body  in  Question  10? 

12.  Three  uniform  rods  are  placed  so  as  to  form  a  right-angled 
isosceles  triangle,  the  longest  being  8^2  feet;  find  their  C.  G. 

13.  A  heavy,  tapering  rod,  Aveighing  IGO  lbs.,  balances  about  a  point 
4  feet  from  the  heavy  end,  when  a  weight  of  30  lbs.  is  attaclied  to  the 
the  other  end ;  find  the  point  about  which  it  will  balance  if  the  30  lbs. 
is  removed. 

14.  Four  weights  of  5,  7,  9,  and  11  lbs.  are  placed  at  the  corners  of 
a  squai'e  plate  weighing  12  lbs.,  whose  side  is  10  inclies ;  find  the 
distance  of  the  C.  G.  from  the  centre  of  the  plate. 

15.  Weights  of  4,  (J,  8,  7,  3,  2,  13,  and  1  lbs.  are  placed  at  the  cor- 
ners and  middle  points  of  the  sides  of  a  square  taken  in  order ;  lind  their 
C.  G.,  the  side  of  the  square  being  IG  inches. 

16.  A  uniform  square  plate  whose  side  is  10  inches,  and  nveight  12  lbs. , 
has  a  weight  of  18  lbs.  attached  to  one  corner;  where  must  it  be  sus- 
pended by  a  cord  so  as  to  rest  horizontally? 

17.  A  square  table,  weighing  40  ll)s.,  rests  on  four  legs,  one  at 
each  corner.  Can  you  determine  the  pressure  on  each  leg?  If  so, 
liow? 
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18.  From  a  circular  plate  whose  radius  is  8  inches,  a  circular  plate 
whose  radius  is  4  inches  is  cut  away,  the  distance  between  tlie  two 
centres  is  two  inches;  find  the  centre  of  gravity  of  the  remainder. 

19.  From  a  uniform  circular  disc,  whose  diameter  is  10  inches, 
another  disc,  having  for  its  diameter  the  radius  of  the  first  circle,  is  cut 
away ;  find  centre  of  gravity  of  the  remainder. 

20.  From  a  circular  disc  whose  diameter  is  D,  a  circular  disc  whose 
diameter  is  d  is  cut  awa}' ;  find  the  centre  of  gravity  of  the  I'emainder, 
the  distance  between  their  centres  being  a. 


Chapter  hi. 

MOLECULAR  ENERGY.  -  HEAT. 


XVII.     WHAT   HEAT   IS.  — SOME    SOURCES    OF   HEAT. 

In  the  preceding  pages  the  theory  of  heat  has  been  several 
times  anticipated ;  we  are  now  better  qualified  to  judge  of  its 
truth  or  falsity. 

§  102.  Mechanical  motion  convertible  into  heat.  —  Ex- 
periments. Hold  some  small  steel  tool  upon  a,  rapidly  revolving  dry 
grindstone.  Place  a  ten-penny  nail  upon  a  stone  and  hammer  it  briskly. 
Rub  a  desk  with  your  fist,  and  your  coat-sleeve  with  a  metallic  button. 
Describe  the  resulting  phenomena  in  each  case. 

You  obseiA'e  that  in  every  case  heat  is  generated  at  the  ex- 
pense of  work  or  mechanical  motion,  i.e.,  mechanical  motion 
checked  becomes  heat.  When  the  brakes  are  applied  to  the 
wheels  of  a  rapidly  moving  railroad  train,  its  motion  is  all  con- 
verted into  heat,  much  of  which  may  be  found  in  the  wheels, 
brake-blocks,  and  rails.  The  meteorites,  or  "shooting-stars," 
which  are  seen  at  night  passing  through  the  upper  air,  some- 
times strike  the  earth,  and  are  found  to  be  stones  heated  to  a 
light-giving  state.  They  become  heated  when  they  reach  our 
atmosphere,  in  consequence  of  their  motion  being  checked  by 
the  resistance  of  the  air. 

§  103.    Heat   convertible   into   mechanical   motion.  — 

Experiment.    Take  a  thin  glass  flask  A,  Figure  105,  and  half  fill  it 
with  water;   fit   a  cork   air-tight'  in   its   neck.      Perforate   the  cork, 

*  A  good  way  to  make  a  cork  ah-tight  is  to  soak  it  ia  melted  paratline. 
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insert  a  glass  tube,  bent  as  indicated  in  the  figure,  and  extend  it  into  the 
water.     Apply  heat  to  the  flask.     What  is  the  result? 

Here  hcit  produces  mecliauical  motion,  and  does  work  in  rais- 
ing a  weight  in  opposition  to  gravity.     Every  steam-engine  is  a 
Fi^'.  105.  heat-ewjine.     All  the    power  of  steam  consists 

iu  its  heat.  The  steam  which  leaves  the  cylin- 
der of  an  engine  (see  §  148),  after  it  has  set 
the  piston  in  motion,  is  cooler  than  when  it 
entered,  and  cooler  in  jiroportion  to  the  ivork 
done.  Furtheiinore,  it  will  be  shown  (§  145) 
that  heat  and  ivork  are  so  related  to  each  other 
that  a  dejinite  quantity  of  the  one  is  always  equal 
to  a  definite  quantity  of  the  other. 

Now,  when  the  appenrance  of  one  thing  is  so 
connected  with  the  disappearance  of  another, 
that  the  quantity  of  the  thing  produced  can  be 
calculated  from  tlie  quantity  of  that  which  dis- 
appears, we  conclude  that  the  one  has  been 
1^  formed  at  the  expense  of  the  other,  and  that 
thej'  are  only  different  forms  of  the  same  thing. 
We  have,  therefore,  reason  to  believe  that  heat  is  of  the  same 
nature  as  mechanical  energy^  i.e.,  it  is  only  another  form  of 
kinetic  energy. 

§  104.  Heat  defined.  — A  body  loses  motion  in  communi- 
cating it  (§  67)  The  hammer  descends  and  strikes  the  an- 
vil ;  its  motion  ceases,  but  the  anvil  is  not  sensibly  nioved  ; 
the  only  observable  effect  produced  is  heat.  Instead  of  the  pro- 
gressive motion  of  the  hammer  as  a  whole,  there  is  now,  accord- 
ing  to  the  modern  view,  an  increased  vibratory  motion  of  tiie 
molecules  that  compose  the  hammer,  —  a  me  e  change  (f  motion 
in  kind  and  locality.  Of  course,  this  latter  motion  is  invisible. 
The  ('()nclnsi(»n  is  that  heat  is  moh'cidar  moti</)i.  A  body  is  heated 
by  having  the  motion  of  its  molecules  quickened,  and  cooled  by 
parting  with  some  of  its  molecular  motion. 


HEAT    DEFINED.  159 

§105.  Heat  generated  by  chemical  action. —Experi- 
ment 1.  Take  a  glass  test-tube  half  full  of  cold  water,  and  pour  into 
it  one-fourth  its  volume  of  sulphuric  acid.  What  is  the  efl'ect?  Wlicnce 
can  the  increased  molecular  motion  arise?  How  does  the  volume  of 
the  mixture  compare  with  the  sum  of  the  volumes  of  the  acid  and 
water  before  they  are  mixed? 


When  water  is  poured  upon  quicklime  heat  is  rapidly  devel- 
oped. The  invisible  oxygen  of  the  air  combines  with  the  vari- 
ous fuels,  such  as  wood,  coal,  oils,  and  illuminating  gas,  and 
gives  rise  to  what  we  call  burning  or  covibustion,  by  which  a 
large  amount  of  heat  is  generated.  In  all  such  cases  the  heat 
is  generated  by  the  combination  or  clashing  together  of  mole- 
cules of  substances  that  have  an  afflnit}-  {i.e.,  an  attraction) 
for  each  other.  Before  their  union  they  are  in  the  condition 
of  a  weight  drawn  up  ;  while  approaching  each  other  they  are 
like  the  falling  weight;  and  when  they  collide,  their  motion, 
like  that  of  the  weight  when  it  strikes  the  earth,  is  converted 
into  heat.  The  chemical  potential  energy  of  the  molecules  is 
converted,  in  the  act  of  combination,  into  molecular  kinetic 
energ},  —  into  molecular  motion. 


§  106.     Origin  of  animal  heat  and  muscular  motion 

The  plant  finds  its  food  in  the  air  (principally  the  carbon  dioxide 
in  the  air)  and  in  the  earth  in  the  condition  of  a  fallen  weight ; 
but,  by  the  agency  of  the  sun's  radiation,  work  is  performed 
upon  this  matter  during  the  growth  of  the  plant ;  potential  energy 
is  stored  in  the  plant,  —  the  weight  is  drawn  up.  The  auimal 
now  finds  its  food  in  the  plant,  appropriates  the  energy  stored 
in  the  plant,  and  converts  it  into  energy  of  motion  in  the  form 
of  heat  and  muscular  motion.  The  plant,  then,  may  be  re- 
garded as  a  machine  for  converting  energy  of  motion  received 
from  the  sun  into  potential  energy  ;  the  animal,  as  a  machine 
for  transforming  it  again  into  the  energy  of  motion. 


160  MOLECULAR    ENERGY.  —  HEAT. 

§  107.  The  sun  as  a  source  of  energy.  —  Nut  only  is  tlie 
sun  the  suurce  of  the  energy  exhibited  in  the  growth  of  plants, 
as  well  as  of  the  muscular  and  heat  energy  of  the  animal,  but  it 
is  the  source,  directly  or  indirectly,  of  very  nearly  all  the  energy 
employed  by  man  in  doing  work.  Our  coal-beds,  the  results  of 
the  di'posit  of  vegetable  matter,  are  vast  storehouses  of  the  sun's 
energy,  rendered  potential  during  the  growth  of  the  plants  many 
iiges  ago.  Every  drop  of  water  tluit  falls  to  the  earth,  and  rolls 
its  way  to  the  sea,  contributing  its  mite  to  the  unbounded  water- 
power  of  the  earth,  and  every  wind  that  blows,  derives  its  power 
directly  from  the  sun. 

If  a  man  were  to  make  use  of  the  ocean  tides  for  driving 
machinery  he  would  be  using  energy  derived  from  what  source? 
B}'  the  fric'.ion  of  the  tides  against  the  coast  the  water  and 
land  are  warmed.  What  is  the  source  of  this  energy?  Is 
ihis  source  inexhaustible?  Is  it  increased  itself  from  any 
(,ther  source?  If  not,  what  must  be  the  effect  of  this  con- 
tinual call  upon  it?  Is  any  similar  effect  to  be  found  outside 
the  earth? 

XVIII.     TEMPERATURE. 

§  108.  Temperature  defined.  —  If  body  A  is  brought  in 
contact  witli  l)ody  B,  and  A  loses  and  B  gains  in  heat,  then  A  is 
said  to  have  had  originally  a  higher  temperature  than  B.  If 
neither  body  gains  or  loses  then  both  had  the  same  tempera- 
ture. Temperature  is  the  state  of  a  body  considered  with  refer- 
ence to  its  p)oioer  of  comrminicaling  heat  to  or  receiving  heat  from 
other  bodies.  The  direction  of  the  flow  of  heat  determines  which 
of  two  bodies  has  the  higher  temperature. 

It  may  be  mathematicalh'  demonstrated  tliut,  if  the  average 
kinetic  energy  of  each  molecule  of  A  is  equal  to  tlie  average 
kinetic  ene'gy  of  each  molecule  of  B,  then  when  A  and  B  are 
brought  into  contact  the  molecules  of  A  will  receive  from  the 
molecules  of  B  just  as  much  energy  as  those  of  B  receive  from 
those  of  A.     Hence  we  may   say  that  two  bodies  have  the  same 
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tempprattire  when  the  average  kinetic  energy  of  each  molecule  of 
the  one  is  equal  to  the  average  kinetic  energy  of  each  molecule  of 
the  other. 

§  109.  Temperature  distingxiished  from  quantity  of 
heat.  — The  term  temperature  has  no  reference  to  quantity  of 
heat.  If  we  mix  together  two  equal  quantities  of  a  substance  at 
the  same  temperature,  the  temperature  of  the  mixture  is  not  the 
sum  of  the  temperatures,  —  it  is  not  greater  or  less  than  that  of 
either  before  they  were  mixed  ;  but  evidentl}'  the  mixture  contains 
twice  as  much  heat  as  either  alone.  If  we  dip  from  a  gallon  of 
boiling  water  a  cupful,  the.  cup  of  water  is  just  as  liot,  i.e., 
has  the  same  temperature,  as  the  larger  quantity,  although  of 
course  there  is  a  great  difference  in  the  quantities  of  heat  the 
two  bodies  of  water  contain.  Temperature  depends  upon  the 
average  kinetic  energy  of  the  individual  rnolecule,  while  quantity 
of  heat  depeiids  upon  the  average  khtetic  energy  of  the  individual 
molecule  multiplied  by  the  number  of  molecides. 

XIX.     DIFFUSION  OF  HEAT. 

There  is  always  a  tendency  to  equalization  of  temperature ; 
that  is,  heat  has  a  tendency  to  pass  from  a  warmer  body  to  a 
colder,  or  from  a  warmer  to  a  colder  i)art  of  the  same  body, 
until  there  is  an  equilibrium  of  temperature. 

If  you  put  your  hand  in  contact  with  a  body  at  a  lower  tem- 
perature than  your  hand  molecuhir  kinetic  energy  i)asses  from 
your  hand  to  the  body,  and  you  experience  a  sensatio)i  which  leads 
you  to  say  that  the  body  feels  cold.  If  the  body  is  at  a  higher 
temperature  than  your  hand  your  hand  gains  molecular  kinetic 
energ}',  and  you  experience  a  sensation  which  leads  you  to  say 
that  the  body  feels  warm.  The  intensity  of  the  sensation  depends 
upon  the  rate  at  which  your  hand  loses  or  gains  molecular  kinetic 
energy.  In  other  words,  it  dppends  upon  the  rate  at  which  the 
temperature  of  your  hand  fills  or  rises.  The  rate  at  which  the 
temperature  ofyou>-  hand  changes  ivill  dejjend,  of  course,  upon  the 
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DiFKKRKNCE  betweeuthe  temperature  of  your  hand  and  the  tempera- 
tare  of  that  part  of  the  body  in  immediate  contact  with  it. 

§  110.  Conduction. — Experiment  l.  Place  one  end  of  a  wire 
about  15^'"  long,  in  a  lanip-llarae,  and  hold  the  other  end  in  tlie  hand. 
Apply  j'our  flna:ers  to  points  nearer  and  nearer  to  the  flame.  What  do 
you  learn  from  this  experiment? 

The  flow  of  heal  through  au  uDequally-heated  body,  from 
places  of  higher  to  places  of  lower  temperature,  is  called  co/t- 
duction ;  the  bo:ly  through  which  it  travels  is  called  a  conductor. 
Tlie  molecules  of  the  wire  in  the  flame  have  their  motion  quick- 
ened ;  they  strike  tlieir  neighbors,  and  quicken  their  motion  ;  the 
latter  in  turn  quicken  the  motion  of  the  next,  and  so  on,  until 
some  of  the  motion  may  be  tinall}'  communicated  to  the  hand, 
and  creates  in  it  the  sensation  of  heat. 

Experiment  2.  Hold  wires  of  ditteront  niotals  of  the  same  length, 
also  u  ulass  tube,  a  pipe-stem,  etc.,  in  the  flame,  and  notice  the  diller- 
ence  in  time  that  elapses  before  the  sensation  of  heat  is  felt  in  the 
dift'crcnt  bodies. 

Experiment  3.  Go  into  a  cold  room,  and  place  the  bulb  of  a  ther- 
mometer in  contact  with  various  sul)stances  in  the  room;  you  will 
probably  find  that  they  have  the  same,  or  very  nearly  the  same,  tem- 
perature. Place  your  hand  on  the  same  substances ;  they  appear  to 
have  very  difl'erent  temi)eratures.  Try  a  piece  of  iron  and  a  block  of 
wood.  The  iron  feels  colder  than  the  wood.  Keep  one  iiand  on  the 
iron  and  the  other  on  the  wood  for  one  minute.  Now  apply  the  ther- 
mometer to  the  surfaces  lately  in  contact  with  your  hands.  Are  they 
still  at  the  same  temperature?  You  find  that  the  surface  of  the  wood  has 
been  raised  by  contact  with  your  hand  to  a  hlyher  temperature  than  that 
of  the  iron,  in  tlie  sanu'  time.  Does  this  fact  explain  l  lie  ditfcrence 
between  the  sensatiinis  experienced  in  the  two  hands?  How  can  you 
account  for  the  fact  itself?  Ls  it  possible  that  the  wood  is  a  bad  con- 
ductor, and  hence  the  part  in  :-ontact  with  the  hand  is  quickly  warmed 
because  the  heat  it  receives  from  the  hand  is  not  conducted  aw  ay  to 
other  parts  of  tlie  block?  AVhat  ex])eriment  can  you  suggest  to  deter- 
mine whether  wood  conducts  heat  rapidly  or  not? 

Experiment  4.  Twist  together  at  one  end  similar  wires  f)r  strips 
of  ii'on,  copper,  brass,  etc.,  10  or  ld^"'loug.  and  Introduce  them  into  a 
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small  flame.  After  a  few  minutes  you  can  tell  approximately  the  order 
of  tlieir  conducting  powers,  by  moving  a  match  along  each  wire,  and 
seeing  how  far  from  the  flame  it  will  light. 

You  learn  that  some  substances  conduct  heat  much  more 
rapidly  than  others.  The  former  are  called  good  conductors, 
the  latter  j^oor  conductors.  Metals  are  the  best  conductors, 
though  they  differ  widely  among  themselves. 

Experiment  5.  Fill  a  test-tube  nearly  full  of  water,  and  hold  it 
somewhat  inclined  (Fig.  106),  so  that  a  flame  may  heat  the  part  of  the 
tube  near  the  surface  of  the  water.  Do 
you  find  that  the  heat  is  rapidly  or  sIoav- 
ly  transferred  to  the  lower  part  of  the 
tube? 


Fig.  106. 


Liquids,  as  a  class,  are  poorer  con- 
ductors than  solids.  Gases  are  much 
poorer  conductors  than  liquids.  It  is 
difficult  to  discover  that  pure,  dry  air 
possesses  any  conducting  power.  The 
poor  conducting  power  of  our  clothing  is  due  to  the  poor  con- 
ducting power  of  the  fibres  of  the  cloth  in  part,  but  chiefly  to 
the  air  which  is  confined  b}-  it.  (Why  is  loose  clothing  warmer 
than  that  closel}'  fitting?) 

Bodies  are  surrounded  with  bad  conductors,  to  retain  heat 
when  their  temperature  is  above  that  of  surrounding  objects, 
and  to  exclude  it  when  their  temperature  is  below  that  of  sur- 
rounding objects. 


§  111.  Convection.  — When  a  hot  brick,  or  a  bottle  of  hot 
water,  is  placed  at  one's  feet,  heat  is  also  conveyed  to  the  feet. 
When  heat  is  transferred  from  one  place  to  another  b}'  the 
bodily  moving  of  heated  substances,  the  operation  is  called 
convection;  but  this  term  is  rarely  applied  to  solids.  Solids 
require  some  external  force  to  effect  the  conveyance  ;  fluids  do 
not  necessarily,  as  may  be  seen  by  the  following  experiments ;  — 
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Experiment  1.  Arrange  apparatus  as  in  Fig.  107.  Fill  tlie  large 
beaker  nearly  full  of  water,  and  elevate  it  so  that  the  tip  of  a  Bunsen 
flame  may  just  touch  the  middle  of  the  bottom.     Fill  a  glass  tube  B 


Fig.  107. 


Fig.  108. 


with  a  deeply-colored  aniline  solution,  stop  one  end 
with  a  finger,  and  thrust  the  other  end  into  the  water 
to  the  bottom  of  the  beaker;  remove  the  finger,  and 
allow  the  solution  to  flow  out  and  color  the  water  at 
the  bottom  for  a  little  depth.  Soon  the  colored 
liquid  immediately  over  the  flame  becomes  heated, 
expands,  and  thereby  becomes  less  dense  than  the 
liquid  above;  consequently  it  rises  and  forms  an  up- 
ward current  through  the  colorless  liquid.  At  the 
same  time  the  cooler  liquid  on  the  sides  descends  to 
take  the  place  of  that  which  rises,  and  soon  the 
descending  currents  become  visible  by  the  coloration 
of  the  water.  By  this  means  heat  is  conveyed  to  all 
parts  of  the  liquid,  which  would  otherwise  become 
much  hotter  at  the  bottom  than  at  the  top  in  conse- 
quence of  the  poor  conducting  power  of  water. 

If  a  glass  tube  C,  bent  as  shown  in  the  figure,  is 
filled  with  water,  and  introduced  into  the  beaker  so 
that  the  orifice  of  the  short  arm  shall  be 
just  beneath  the  surface  of  the  colored 
water,  the  colored  liquid  will  be  seen  slowly 
to  ascend  the  short  arm,  while  the  colder 
water  will  descend  the  longer  arm. 

Experiment  2.  Provide  a  tightly-cov- 
ered tin  vessel  (Fig.  108)  and  two  lamp- 
chimneys  A  and  B.  Near  one  side  of  the 
top  of  the  cover  cut  a  hole  a  little  smaller 
than  the  large  aperture  of  chimney  B.  Near 
the  opposite  side  of  the  cover  cut  a  series  of 
holes  of  about  7"""'  diameter,  arranged  in  a 
circle,  the  circle  being  large  enough  to  ad- 


mit a  candle  without 


the  holes. 


Light  the  candle,  and  cover  it  with  chim- 
ney A,  which  should  be  outside  the  circle 
of  holes.  Fasten  both  chimneys  to  the 
cover  with  wax.  Hold  smoking  touch-paper  C  (see  §  255),  near  the 
top  of  chimney  B.  Tlie  smoke,  instead  of  rising,  as  it  usually  docs, 
rapidly  descends  the  chimney,  and  in  a  few  seconds  will  be  found 
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asceOding  the  chimney  A.  How  do  you  explain  this  movement  of  the 
smoke  ?  Cover  the  orifice  of  B  with  the  hand.  What  happens  after  a 
short  time  ?     Why? 

The  last  experiment  furnishes  an  explanation  of  many 
familiar  phenomena.  It  explains  the  cause  of  chimney-drafts, 
and  shows  the  necessity  of  providing  a  means  of  ingress  as  well 
as  egress  of  air  to  and  from  a  confined  fire.  It  explains  the 
method  by  which  air  is  put  in  motion  in  winds.  It  illustrates  a 
method  often  adopted  to  ventilate  mines.  Let  the  interior  of 
the  tin  vessel  represent  a  mine  deep  in  the  earth,  and  the  chim- 
neys two  shafts  sunk  to  opposite  extremities  of  the  mine.  A  fire 
kept  burning  at  the  bottom  of  one  shaft  will  cause  a  current  of 
;iir  to  sweep  down  the  other  shaft,  and  through  the  mine,  and 
thus  keep  up  a  circulation  of  pure  air  through  the  mine. 

Liquids  and  gases  are  lieated  by  convection.  (Why  not 
solids  ?)  The  heat  must  be  applied  at  the  bottom  of  the  body  of 
liquid  or  gas.  (Why  not  at  the  top?)  There  is  a  still  more 
important  method  by  which  heat  is  diffused,  called  radiation, 
the  method,  for  example,  by  which  heat  reaches  us  from  the  sun, 
which  will  be  treated  of  in  its  proper  place,  under  the  head  of 
radiant  energy. 

§  112.  Ventilation.  —  Intimately  connected  with  the  topic 
Convection  is  the  subject  (of  vital  importance)  Ventilation, 
inasmuch  as  our  chief  means  of  securino;the  latter  is  throuah  the 
agency  of  the  former.  The  chief  constituents  of  our  atmospheie 
are  nitrogen  and  oxygen,  with  varying  quantities  of  water  vapor, 
carbon  dioxide,  sometimes  called  carbonic  acid,  ammonia  gas, 
nitric-acid  vapor,  and  other  gases.  The  atmosphere  also  con- 
tains, in  a  state  of  suspension,  varying  quantities  of  small 
particles  of  free  carbon  in  the  form  of  smoke,  microscopic 
organisms,  and  dust  of  innumerable  substances.  All  of  these 
constituents,  except  the  first  three,  are  called  impurities.  Carbon 
dioxide  is  the  impurity  that  is  usually  the  most  abundant  and 
and  most  easily  detected ;    so  it  has  come  to  be  taken  as 
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the  measure  of  the  impurity  of  the  atmosphere,  though 
not  itself  the  most  deleterious  constituent.  Pure  out-door  air 
contains  about  4  parts  of  it  by  volume  in  10,000.  If  the  quan- 
tity rises  to  10  parts,  the  air  becomes  unwholesome. 

Experiment  1.  Place  a  teaspoouful  of  unslacked  lime  in  a  tumbler 
of  water ;  a  part  of  it  will  be  dissolved.  Filter  the  solution  through 
unsized  paper,  and  into  the  clear  liquid  ])low  breath  from  the  lungs 
through  a  glass  tube.  The  hquid  turns  milky-white  in  appearance, 
because  the  carbonic  acid  in  the  breath  unites  with  the  lime  dissohed 
in  the  water,  and  forms  the  insoluble  calcium  carbonate,  which  remains 
suspended  for  a  time  m  the  hquid,  but  finally  settles  as  a  white  powder 
at  the  bottom. 

Experiment  2.  Take  a  fresh  quantity  of  hme-water  in  each  of  two 
glasses,  and  in  any  poorly-ventilated  room  which  has 
been  occupied  by  several  persons  for  a  short  time 
(unfortunately  almost  any  school-room  will  answer 
the  purpose),  place  one  glass  near  the  floor,  and  with 
a  bellows  blow  into  the  liquid  a  few  pufls  of  the  lower 
stratum  of  air.  Then  place  the  other  glass  near  the 
top  of  the  room,  and  blow  with  the  bellows  some  of 
the  upper  stratum  of  air  into  the  lime-water.  In  both 
cases  carbon  dioxide  will  be  found  to  be  present,  but 
it  wiU  be  much  more  abundant  in  the  upper  stratum, 
as  shown  by  the  greater  rapidity  with  which  the 
cloudiness  is  produced  in  the  upper  stratum. 


Fig.  109. 


Experiment  3.  In  the  center  of  a  smaU  circular 
plank  (Fig.  109)  insert  an  iron  wire  60™'  long  and 
7'"'"  in  diameter.  At  intervals  of  9<='n  solder  to  the 
wire  short  pieces  of  small  wire,  so  as  to  project 
horizontally  from  the  large  wire ;  and  to  the  free  ex- 
tremities of  these  short  wires  solder  small  circular 
pieces  of  tin  3<="i  in  diameter.  Arrange  these  little 
platforms  spirally  around  the  vertical  wire.  Fix 
stumps  of  candles  upon  these  platforms  by  means  of 
a  little  melted  tallow.  Light  the  candles,  and  caref  uUy 
cover  the  whole  with  a  tall  glass  jar.  Heated  air, 
from  which  the  life-sustaining  oxygen  has  been  largely  extracted  and 
replaced  by  carbon  dioxide,  rises  from  each  flame  and  accumulates  at 
the  top  of  the  jar.     What  is  the  result? 
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Carbon  dioxide  is  about  oue  and  one-half  times  heavier  than 
air  at  the  same  temperature  ;  consequently,  when  both  have  the 
same  temperature,  and  the  former  is  very  abundant,  it  tends 
to  settle  to  the  bottom,  as  in  the  vicinit}'  of  lime-kilns,  in  which 
large  quantities  of  this  gas  are  generated. 

The  knowledge  of  this  fact  has  led  many  to  suppose  that  a 
means  for  the  escape  of  impure  air  need  only  be  provided  near 
the  floor  of  a  room.  But  it  sliould  be  remembered  (1)  that  the 
tendency  of  carbonic-acid  gas,  unless  present  in  excessive  quan- 
tities, is  to  diffuse  itself  equally  through  a  body  of  air ;  but  (2) 
when  it  is  heated  to  a  temperature  above  that  of  the  surrounding- 
air,  as  when  generated  by  flames,  or  when  it  escapes  in  the  warm 
breath  of  animals,  it,  or  rather  the  air  with  which  it  is  mixed, 
is  lighter  than  the  surrounding  air,  and  consequently  rises. 
If  this  impure  air  could  escape  at  the  ceiling  while  fresh  air 
entered  at  the  floor  the  ventilation  would  be  good.  But  usually 
this  fresh  air  must  be  warmed  ;  and  in  passing  over  a  stove, 
furnace,  or  steam  radiator,  its  temperature  will  generally  become 
higher  than  that  of  the  impure  air,  so  that  it  will  rise  above  the 
latter,  and  pass  out  at  a  ventilator  in  the  ceiling,  leaving  the 
floor  cold  ;  hence,  the  most  impure  air  is  often  found  in  high 
school-rooms  half-way  up. 

Experience  shows  that,  with  the  ordinary  means  of  heating, 
it  is  usualh'  best,  in  cold  weather,  to  provide  for  the  escape  of 
the  foul  air  at  the  floor  into  a  flue,  in  which  a  draft  is  maintained 
by  a  neighboring  hot  chimney-flue,  or  a  gas-burner,  while  the 
warm,  fresh  air  is  introduced  at  the  floor,  on  the  opposite  side 
of  the  room,  or  sometimes  at  the  ceiling. 

The  quantity  of  fresh  air  introduced  must  be  great  enough  to 
dilute  the  impurities  till  they  are  harmless.  An  adult  makes 
about  18  respirations  per  minute,  expelling  from  his  lungs  at 
each  inspiration  about  500'"="'  of  air,  over  4  per  cent,  of  which  is 
carbonic  acid.  At  this  rate  about  i),000"'="'  of  air  per  minute 
become  unfit  for  respiration  ;  and,  to  dilute  this  sufficiently,  good 
authorities  say  that  about  100  times  as  much  fresh  air  is  needed  ; 
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or,  for  proper  ventilation,  about  a  cubic  meter  of  fresh  <iir  per 
minute  is  needed  for  each  person,  or,  in  E^uglisli  measure,  2,UU0 
cubic  feet  per  hour. 

If  the  heating  could  be  so  arranged  as  to  keep  the  floor  prop- 
erly Avarmed,  the  v.tiatedair  might  pass  out  at  the  ceiling,  and 
the  quantity  of  fresh  air  entering  at  the  floor  might  be  much 
less  than  that  just  stated.  In  mild  weather,  when  the  fre'sh  air 
does  not  require  warming,  the  inlet  may  be  at  tlie  floor  and  the 
outlet  at  the  ceiling. 

QUESTIONS    AND     PROBLEMS. 

1.  How  would  j^ou  ventilate  the  tall  jar  in  Experiment  3? 

2.  At  evening  assemblies,  in  lighted  halls,  what  two  fraitful  sources 
of  carljonic  acid  are  ever  present? 

3.  Wliy  are  gas-burners  frequently  placed  under  the  orifices  of 
ventilators? 

4.  A  bedroom  is  3"'  square  and  2.,")'"  high;  how  long  would  the  en- 
closed au-  supply  two  persons  (ju  the  supposition  that  none  was  to  be 
rebreatlied? 

5.  A  hall  contains  a  thousand  persons,  and  its  dimensions  are  35  X 
ISX  7'".  How  often  should  a  complete  change  of  iiir  be  ettected  that 
it  may  not  become  vitiated? 

6.  A  silver-mine  was  situated  on  au  island  In  Lake  Superior  so  small 
that  there  was  room  for  only  one  shaft.  Can  you  suggest  a  contrivance 
by  wliich  it  might  have  been  ventilated?  Apply  your  contrivance  to 
ventilate  a  tall  jar  with  no  opening  excejit  a  narrow  one  at  tlie  top,  and 
test  its  etliciency  by  burning  a  candle  at  the  bottom  of  tlie  jar. 

XX.     EFFECTS   OF   HEAT.  —  EXPANSION. 

Having  learned  something  of  tl)e  nature  of  heat,  and  how  it 
passes  from  point  to  point,  let  us  examine  the  effects  it  pro- 
duces on  bodies :  these  are  expansion  and  change  of  state. 
Tlie  first  gives  a  means  of  measuring  temperature,  and  leads  to 
a  fuller  study  of  gases  than  we  have  3'et  made.  Under  the 
second  effect  of  heat  we  study  ll(piefaciion  and  vapurizalion.    A 
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third  effect  that  is  very  obviou-s,  the  ch  nvjn  of  teinperutnre,  will 
be  found  to  depend  in  part  on  what  is  called  specific  heat,  to  be 
studied  in  §  139. 


Fik'.  110. 


§113.  Expansion  of  solids,  liquids,  and  gases. —Ex- 
periment 1.  Obtain  two  short  brass  tulx;s, — one  of  a  size  that  wiU 
permit  it  just  to  enter  the  ijore  of  the  other.  Heat  the  smaller  tube : 
now  try  to  push  it  within  tlie  other. 

Experiment  2.  Fit  stopi)ers  tiirhtly  in  the  necks  of  two  similar  thin 
glass  flaslvs  (or  test-tubes) ,  and  througli  each  stopper  pass  a  glass  tulje 
about  60<=™  long.  Tlie  flasks  must  be  as  nearly  alike  as  possible.  Fill 
one  flask  with  alcohol  and  the  other  with  water,  and  crowd  in  the  stop- 
pers so  as  to  force  the  liquids  in  the  tubes  a  little  way  aljove  the  corks. 
Set  the  two  flasks  into  a  basin  of  hot  water,  and  note  that,  at  the 
instant  the  flasks  enter  the  hot  water,  the  liquids  sink  a  little  in  tlie 
tubes,  but  quickly  begin  to  rise,  until  perliaps 
they  reach  the  top  of  the  tul)es,  and  run  over. 
Why  do  the  Uquids  sink  at  first?  Wlien  they 
begin  to  rise,  which  rises  faster?  What  do  you 
learn  from  the  experiment? 

Experiment  3.  Take  one  of  the  flasks  used  in 
the  last  experiment,  dry  it  well  inside  and  out- 
side, invert  the  flask,  insert  the  end  of  tlie  tube 
in  a  bottle  of  colored  water  (Fig.  110),  and  apply 
heat  to  tlie  flask.  What  happens?  What  does 
it  pi'ove?  Remove  the  flame.  AVhat  happens? 
Explain. 

§  114.  Coefficients  of  expansion.  — 
There  being  generally  greater  cohesive 
force  between  the  molecules  of  soli' Is  than 
between  the  molecules  of  liquids,  the  for- 
mer expand  less  than  the  latter  on  receiving  the  same  increase 
of  temperature,  and  for  the  same  reason  liquids  expand  less 
than  gases.  All  gases  expand  alike  for  equal  differences 
of  tew.perature,  and  the  expansion  is  vt-ri/  nearhj  inn- 
form  at  all  temperatures.  Under  uniform  pressure  the  vol- 
ume  of   any   body   of  gas  is  increased    by  -^-^   its  volume  at 


170  MOLECULAR  ENERGY.  —  HEAT. 

the  freezing-point  of  water  for  every  degree  Centigrade, 
^^'  4  ST  for  every  degree  Fahrenheit,  its  temperature  is 
raised.  These  fractions  are  called  the  coefficients  of  expansion. 
Not  only  do  the  coefficients  of  expansion  of  liquids  and  solids 
vary  with  the  substance,  but  the  coefficient  for  the  same  sub- 
stance varies  at  different  temperatures,  being  greater  at  high 
than  at  low  temperatures. 

In  tlie  expansion  of  fluids  we  have  only  to  do  with  increase  of 
volume,  called  cubical  exjjansion.  In  the  expansion  of  solids, 
we  have  frequent  occasion  to  speak  of  expansion  in  one  direc- 
tion only,  and  this  is  called  linear  expansion. 

§  115.  Power  of  expansion  and.  contraction.  —  The  force 
which  may  be  exerted  by  bodies  in  expanding  or  contracting  may  be 
very  great,  as  shown  by  the  following  rongh  calculation :  If  an  iron 
bar,  1  sq.  in.  in  section,  is  raised  from  0"  C.  (freezing  point  of  water)  to 
500°  C.  (a  dull,  red  heat),  its  length,  if  allowed  to  expaud  freely,  wiU  be  in- 
creased from  I  to  1.006,  its  coefficient  of  expansion  being  about  .000012. 
Now,  a  force  capable  of  stretching  a  bar  of  iron  of  1  sq.  in.  section 
this  amount,  is  about  90  tous,  which  represents  very  nearly  the  force 
that  would  be  necessary  to  prevent  the  expansion  caused  by  heat.  It 
would  require  an  equal  force  to  prevent  the  same  amount  of  contrac- 
tion (caused  by  what?)  if  the  bar  is  cooled  from  500°  to  0°  C. 

Boiler-plates  are  riveted  with  red-hot  rivets,  and  tires  are  fitted  on 
carriage-wheels  when  red-hot ;  why?  How  may  a  glass  stopper,  stuck 
fast  in  a  bottle,  be  removed  without  breaking  the  bottle? 

§  116.  Abnormal  expansion  and  contraction  of  water. 
—  AVater  presents  a  partial  exception  to  the  general  rule  tliat 
matter  expands  on  receiving  heat  and  contracts  on  losing  it. 
If  a  quantity  of  water  at  0°  C,  or  32°  F.,  is  heated,  it 
contracts  as  its  temperature  rises,  until  it  reacthes  4°  C,  or 
about  39°  F.,  when  its  volume  is  least,  and  therefore  it  has  its 
maximum  density.  If  heated  beyond  this  temperature  it  ex- 
pands, and  at  about  8°  C.  its  volume  is  the  same  as  at  G°.  On 
cooling,  water  reaches  its  maximum  density  at  4°  C,  and  ex- 
pands as  the  temperature  falls  below  that  point.     It  is  probable 


that  crystallization,  and  consequently  expansion  (§  24),  begins 
at  4°  C.  (What  is  the  temperature  at  the  bottom  of  a  pond 
when  water  begins  to  freeze  at  the  surface?) 

XXI.     THERMOMETRY. 

§  117.  Temperature  measured  by  expansion.  —  The  ef- 
fects of  expansion  by  heat  are  well  illustrated  in  the  common 
thermometer.  As  its  temperature  rises,  both  the  glass  and  the 
mercury  expand  ;  but,  as  liquids  are  more  expansible  than 
solids,  the  mercury  expands  much  more  rapidly  than  the  glass, 
and  the  apparent  expansion  of  the  mercury^  shown  by  its  rise  in 
the  tube,  is  the  difference  between  the  actual  increase  of  volume 
of  the  mercury  and  thai  of  the  part  of  the  glass  vessel  containing 
it.  The  thermometer,  then,  primarily  indicates  changes  in  vol- 
ume; but  as  changes  of  volume  in  this  case  are  caused  by 
changes  of  temperature,  it  is  commonly  used  for  the  more 
impoitant  purpose  of  measuring  temperature.  (Will  a  ther- 
mometer measure  quantity  of  heat?) 

§  118.  Construction  of  a  thermometer.  —  A  thermometer 
generally  consists  of  a  glass  tube  of  capillary  bore,  terminating 
at  one  end  in  a  bulb.  The  bulb  and  part  of  the  tube  are  filled 
with  mercury,  and  the  space  in  the  tube  above  the  mercury  is 
usually,  but  not  necessarily,  a  vacuum.  On  the  tube,  or  on  a 
plate  of  metal  behind  the  tube,  is  a  scale  to  show  the  hight  of 
the  mercurial  column. 

§  119.  Standard  temperatures.  —  That  a  thermometer 
may  indicate  any  definite  temperature,  it  is  necessary  that  its 
scale  should  relate  to  some  definite  and  unchangeable  points 
of  temperature.  Fortunatel}'  Nature  furnishes  us  with  two 
convenient  standards.  It  is  found  that  under  ordinarj-  at- 
mospheric pressure  ice  alwaj's  melts  at  the  same  temperature, 
called  the  melting  point.,  or,  more  commonly,  the  freezing  point 
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Again,  the  temperature  of  steam  rising  from  boiling  water  under 
the  same  pressure  is  always  the  same. 


Fig.  111. 
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§  120.  Graduation  of  thermometers.  —  The  bulb  of  a 
thermometer  is  first  placed  in  melting  ice,  and  allowed  to  stand 
until  the  surface  of  the  mercury  becomes  stationary,  and  a  mark 
is  made  upon  the  stem  at  that  point,  and  indicates  the  freezing 
point.  Then  the  instrument  is  suspended  in  steam  rising  from 
boiling  water,  so  that  all  but  the  very  top  of  the  column  is  in  the 
steam.  The  mercury  rises  in  the  stem  until  its  temperature  be- 
comes the  same  as  that  of 
the  steam,  when  it  again 
becomes  stationar}',  and 
another  mark  is  placed 
upon  the  stem  to  indicate 
the  boiling  point.  Then 
the  space  between  the  two 
points  found  is  divided  into 
a  convenient  number  of 
equal  parts  called  degrees., 
and  the  scale  is  extended 
above  and  below  these 
points  as  far  as  desii'able. 
Two  methods  of  division 
are  adopted  in  this  coun- 
try :  by  one,  the  space  is 
divided  into  180  equal 
parts,  and  the  result  is 
called  the  Fahrenheit 
scale,  from  the  name  of  its  author ;  by  the  other,  the  space  is 
divided  into  100  equal  parts,  and  the  resulting  scale  is  calleil 
centigrade.,  which  means  one  hundred  steps.  In  the  Fahrenheit 
scale,  which  is  generall}'  employed  for  ordinaiy  household  pur- 
poses, the  freezing  and  boiMng  points  are  marked  respectively 
32°  and  2.12°.     The  0  of  this  scale  (32°  below  freezing  point), 
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which  is  about  the  lowest  temperatare  that  can  be  obtained  by 
a  mixture  of  snow  and  salt,  was  incorrectly  supposed  to  be  the 
lowest  temperature  attainable.  The  centigrade  scale,  which  is 
generally  employed  by  scientists,  has  its  freezing  and  boiling 
points  more  conveniently  marked,  respectively  0°  and  100°.  A 
temperature  below  0°  in  either  scale  is  indicated  by  a  minus  sign 
before  the  number.  Thus,  — 12°  F,  indicates  12°  below  0°  (or 
44°  below  freezing-point),  according  to  the  Fahrenheit  scale. 
Under  F.  and  C,  Fig.  Ill,  the  two  scales  are  placed  side  by 
side    so  as  to  exhibit  at  intervals  a  comparative  view. 


§  121.  Conversion  from  one  scale  to  the  other.  —  Since 
100°  C.  =180°F.,.5°C.  =9°F.,  or  1°C.  =  f  of  1°  F.  Hence, 
to  convert  Centigrade  degrees  into  Fahrenheit  degrees,  we  mul- 
tiply the  number  by  f  ;  and  to  convert  Fahrenheit  degrees  into 
Centigrade  degrees  we  multiply  by  f .  In  finding  the  tempera- 
ture on  one  scale  that  corresponds  to  a  given  temperature  on 
the  other  scale  it  must  be  remembered  that  the  number  that 
expresses  the  temperature  on  a  Fahrenheit  scale  does  not,  as  it 
does  on  a  Centigrade  scale,  express  the  number  of  degrees  above 
freezing-point.  For  example,  52°  on  a  Fahrenheit  scale  is  not 
52°  above  freezing-point,  but  52°  —  32°  =  20°  above  it. 

Hence,  if  you  wish  to  represent  a  given  temperature  on  the 
Fahrenheit  scale,  determine  the  number  of  F.  degrees  tlie  given 
temperature  is  from  the  freezing-point,  and  then  make  allow- 
ance for  the  fact  that  the  freezing-point  is  marked  32°  on  the 
F.  scale. 


Example  1.     How  is  13°  C.  represented  ou  the  F.  scale? 

13  C.  degrees  =  13  X  f  =  285  F.  degrees. 
Therefore,  the  given  temperature  is  23f  F.  degrees  above  freezmg, 
and  hence  is  represented  bj- 

23|  -j-  32  =  555  on  the  F.  scale. 
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Example  2.     How  is  04"  F.  represented  on  the  Centigrade  scale? 
64°  F.  is  32  F.  degrees  above  freezing. 
32  F.  degi-ees  =32  X  |  =  17^  C  degrees. 

Tlierefore,  the  given  temperature  is  17^  C  degrees  above  freezing, 
and  lieuce  is  represented  bj' 

17  J  on  the  C.  scale. 
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PROBLEMS. 

The  difference  between  two  temperatures  is  80  Centigrade  degrees, 
is  the  difference  in  Fahrenheit  degrees? 

2.  When  the  temperature  of  a  room  falls  30  Fah- 
renlieit  degrees,  how  many  Centigrade  degrees  is  its 
temperature  lowered? 

3.  Suppose  the  temperature  of  the  above  room,  be- 
fore the  full,  was  ()8°F.,  (a)  what  was  its  temperature 
after  the  fall?  (i)  Wliat  were  the  temperatures  of  the 
room  before  and  after  the  fall,  according  to  a  Centigrade 
thi'rmometer? 

4.  Hxi)ress  the  following  temperatures  of  the  Centi- 
gratle  scale  in  the  Fahrenheit  scale  :  100" ;  40° ;  56° ;  60° ; 
Qc.  _20>^;  —40°;  80";   150°. 

5.  Express  the  following  temperatures  of  the  Fah- 
renheit scale  in  the  Centigrade  scale:  212°;  32°;  90°; 
77°;  20°;    10°;  —10°;  —20°;  —40°;  40°;  59°;  329°. 

§  122.  Air-thermometer.  — Prepare  apparatus 
as  shown  in  Fig.  112.  A  is  a  glass  flask  of  about 
one-fourth  liter  capacity,  tightly  stopi)od.  Througli  the 
stopper  extends  a  glass  tube  about  (!0'^"'  long,  which  also 
passes  through  the  stopper  of  a  bottle  li,  partly  lilled 
with  colored  water.  The  latter  stopper  is  pierced  l)y  a 
hole  n,  to  allow  air  to  pass  in  and  out  freely.  A  strip 
of  paper,  C,  containing  a  scale  of  equal  parts,  is  attached 
to  the  tube  by  means  of  slits  cut  in  the  paper. 

( I  rasp  the  flask  with  the  palms  of  both  hands,  and 
tlicn'l)y  heat  the  air  in  tlie  flask  and  cause  it  to  expand  and  esoai)e 
lliroiigh  tlic  liipiid  in  bubl)U's.  \Vhen  several  bubbles  luive  escaped 
remove  the  liamls,  niul  Hit-  air,  on  cooling,  will  contract,  and  the 
ll<juitl  will  rise  ami  partly  llll  the  tube. 
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The  apparatus  described  is  nsnally  called  an  air-thermometer ; 
but  it  is,  more  correctly  speaking,  a  thermoscope.  It  ren- 
ders slight  changes  of  temperature  much  more  perceptible  than 
a  mercury-theimometer,  and  therefore  is  said  to  be  more  sensi- 
tive. For  instance,  if  an  air-thermometer  and  a  mercury- 
thermometer,  whose  bulbs  are  of  the  same  size,  are  carried 
from  a  cold  room  into  a  warm  room,  or  vice  versa,  the  changes 
in  the  bight  of  the  liquid  column  in  the  air-thei'mometer  will  be 
much  greater  and  more  rapid  than  in  the  mercury-lhermometer. 
In  the  former  the  temperature  is  measured  by  the  expansion  of 
air ;  in  the  latter,  In-  the  expansion  of  mercurv.  ("Why  is  the 
former  more  sensitive  than  the  latter?)  This  simple  air-ther- 
mometer cannot  have  a  fixed  scale  showing  the  temperature  in 
Fahrenheit  or  Centigrade  degrees,  as  a  mercur^'-thermometer 
does,  inasmuch  as  the  hight  of  the  liquid  column  is  affected  by 
atmospheric  pressure  as  well  as  by  temperature,  so  that,  when 
the  temperature  remains  the  same,  variations  occur  correspond- 
ing to  the  changes  of  the  barometric  column.  But  in  many 
scientific  investigations  a  good  air-thermometer  is  better  than 
one  containing  mercury.  The  thermopile  and  galvanometer 
(see  §  206)  constitute  a  still  more  sensitive  apparatus  for  show- 
ing changes  in  temperature. 


§  123.  Measurement  of  extreme  temperatures.  —  Mer- 
cury boils  at  348.8°.C.(GG0°  F.),  and  freezes  at  — 3U°  C.(—  38. 
2°  F.),  and  therefore  cannot  be  used  for  indicating  temperatures 
above  or  below  these  points.  Extremely  high  temperatures  are 
measured  b}'  the  expansion  of  solids,  usually  a  rod  of  plat- 
inum, and  the  instrument  used  for  this  purpose  is  called  a 
pyrometer.  Alcohol  is  used  in  thermometers  employed  to 
measure  extremely  low  temperatures.  The  air-tliermometer 
may  be  used  at  any  temperature  that  will  not  soften  the  bull) 
and  tube. 
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§  124.    Absolute  temperature.  —  If  a  body  of  air  at  O'^C. 
is  heated  while  the  pressure  lemains  constant,  its  volume  is  in- 
creased -jJ^  of  th*  original  volume  for  every  degree  C.  its  tem- 
peratiue  is  raised        If,  however,  it  is  heated  while  its  volume 
is  kept  constant,  its  pressure  is  increased  0^3  of  the  origin:'.! 
pressure  for  every  degree   its  temperature  is  raised,  and,  there- 
fore, at  273°  C.  its   pressure  is  doubled.      If  a  body  of  air  is 
cooled  below  0°C.,  while  its  volume  remains  constant,  its  press- 
ure is   diminished  by  ^i^  of  its  pressure  at  0°  for  every  degree 
its  temperature  is  lowered  ;  and,  therefore,  if  its  pressure  were  to 
continue  to  diminish  at  the  same  rate,  at  —  273°  C.  its  pressure 
would  l)ecome  nothing.     When  a  gas  exerts  no  pressure  on  the 
containing  vessel  its  molecules  must  have  too  little  motion  to 
overcome  the  cohesion  between  them.     Now,  the  inlromolecular 
cohcsi(jn  in  a  gas  like  air,  which  is  liquefied  only  at  a  very  low 
temperature  and  under  great  pressure,  is  believed  to  be  almost 
nil,  liud  hence,  we  may  suppose  that  when  it  ceases  to  exhibit  an}' 
tendency  to  expand,  tiiat  is  when  it  ceases  to  exert  pressiu-e  on 
the    coutuining    vessel,  its    molecules   have   almost  no  motion, 
and  the  gas  is  therefore  at  about  its  lowest  possible  temperature. 
For  tills  reason — 273°  C.  is  called  absolute  zero,  and  tempera- 
ture reckoned   from  this   point  is  called  absolute  temperature. 
On  this  scale  all  temperatures  would  be  positive. 


XoTK. -- Air  and  all  other  fjascs  we  know  arc  converted  into  liquids 
!Ui(l  solids  loiifr  before  they  roacli  tlie  temperature  of  — 270°  C.  ;  .so.  of 
course,  they  cease  to  obey  the  law  of  IVIariotte  (§  50).  Thoujih  a  l)ody 
lias  never  been  cooled  to  the  al)solute  zero,  there  are  reasons,  far  more 
conclnsive  llian  iln-  on*-  •riven,  wliicli  ju.stify  us  in  l)elievin<j  that  all 
molecular  niolion  would  cease  at  a  point  very  near  — 27;l°  C.  In  the 
furiiier  study  of  beat,  the  use  of  the  scale  of  absolute  temperature  is  a 
fjreat  eon\ cnii'nee. 


The  absolute  tem[)eraturt!  (])aseil  on  the  above  theory)  may 
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be  found  by  adding  273  to  its  reading  on  a  Centigrade  therraome- 
ter,  or  4G0  to  its  reading  on  a  Fahrenlieit  thermometer.  (See 
Fig.  111.) 


§  125.  Laws  of  g-aseous  bodies. — It  follows,  from  the 
above  discussion,  that  the  vohirue  of  a  given  7tiass  of  gas  at  co/f- 
darit  j)ressure  i^  proportional  to  its  absohtte  temperature.  This 
is  called  the  Law  of  Charles. 

If,  however,  a  body  of  gas  at  0°  C.  is  enclosed  in  a  vessel  of 
rigid  sides  its  volume  must  remain  constant  at  all  tempera- 
tures. In  this  case,  as  has  been  stated  in  the  previous  sec- 
tion, the  pressure  on  the  sides  is  increased  by  -5^3-  of  the 
•pressure  at  0°  for  every  degree  its  temperature  rises,  and  is 
diminished  o^^^^^  for  every  degree  iis  temperature  falls  ;  and  if  it 
were  to  continue  to  decrease  at  this  rate,  at  — 273*' C,  it  would 
become  nothing.  Hence,  the  pressure  of  a  given  body  of  gas, 
ivhose  volume  is  kept  constant,  is  proportional  to  its  absolute  tem- 
perature. 

Mariotte's  law  states  that  at  a  constant  temperature  the  volume 
of  a  given  body  of  gas  is  invi^rsely  proportional  to  the  pressure  to 
wliicJt  it  is  subjected;  i.e.,  the  product  of  the  measures  <f  the 
pressure  and  the  volume  is  constant.  Hence,  in  any  given  mass 
of  gat,  this  2)roduct  is  proportional  to  the  absolute  temjJerature . 


PROBLEMS. 

1.  Find  in  both  Centigrade  and  Fahrenheit  degrees  the   absolute 
temi)eratnres  at  wliicli  mercury  boils  and  freezes. 

2.  At  0''  C.  the  volume  of  a  certain  l)ody  of  gas  is  503™'"  under  a 
constant  pressure ;  (a)  what  will  be  its  volume  if  its  temperature  is  raised 
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toTS^C?     (h)  What  will  be  its  volume  if  its  temperature  becomes 

-20°  C? 

3.  If  the  volume  of  a  body  of  gas  at  20°  C.  is  200'=':°',  what  will.be  ita 
volume  at  30°  C.  ?  Solution  :  20°  C.  is  equivalent  to  (20  +  273)  293  abs. 
temp. ;  then  203  :  303  : :  200  :  206.8'='="<.     Ans. 

4.  To  what  volume  will  a  liter  of  gas  contract  if  cooled  from  30°  C 
to-15°C.? 

5.  One  liter  of  gas  under  a  pressure  of  one  atmosphere  will  have 
what  volume  if,  at  a  constant  temperature,  the  pressure  is  reduced  to 
ttOOS  per  square  centimeter? 

6.  Tlie  volume  of  a  certain  body  of  air  at  a  temperature  of  17"  C, 
aiul  under  a  pressure  of  8008  per  square  centimeter,  is  500<=en> ;  what  will 
be  its  volume  at  a  temperature  of  27°  C.  under  a  pressure  of  1200^  per 
square  centimeter?  Solution :  17°  C.  is  equivalent  to  290°  abs.  temp. ; 
27°  C.  is  equivalent  to  300°  abs.  temp.  Then  290  :  300  : :  500  X  800 :  x  X 
1200.     Whence  x=:  344. 8<=<=.     Ans. 

7.  If  the  volume  of  a  body  of  gas  under  a  pressure  of  l^  per  square 
centimeter,  and  at  a  temperature  of  0°  C,  is  1  liter,  at  what  temperature 
will  its  volume  be  reduced  to  l^"^™  under  a  pressure  of  200^  per  square 
centimeter?    Ans. :  54.6° abs.  temp.,  or  —  218.4°  C. 

8.  Find  the  temperatures  on  the  absolute  scale  at  which  bodies 
named  on  page  IGl  melt  or  boil. 

9.  If  a  cubic  foot  of  coal-gas  at  32°  F.,  when  the  barometer  is  at 
30  in.,  weighs  .^h^^^-^  lio^v  much  will  an  equal  volume  weigh  at  08°  F. 
when  the  barometer  is  at  29  in.? 

§  126.  Kinetic  theory  of  gases.  —  This  theory-  claims  that 
in  gases  the  molecules  are  so  far  separated  from  each  other  that 
their  motions  are  not  generally  influenced  by  molecular  attrac- 
tions. Hence,  in  accordance  with  the  first  law  of  motion,  the 
molecules  of  gases  move  in  straight  lines  and  with  uniform  ve- 
locity, until  they  collide  with  each  other  or  strike  against  the 
walls  of  the  containing  vessel,  when,  in  consequence  of  their 
elasticity,  they  at  (Mice  rebound  and  start  on  a  new  path.  We 
may  picture  to  ourselves  what  is  going  on  in  a  body  of  calm 
air,  for  instance,  by  observing  a  swarm  of  bees,  when  every 
individual  bee  is  flying  with  great  velocity,  first  in  one  direction 
and  then  in  another,  while  the  swarm  either  remains  at  rest  or 
Buils  slowly  through  the  air. 
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§  127.  Pressure  of  a  gas  due  to  the  kinetic  energy  of 
its  molecules.  —  Cousider,  then,  what  a  molecular  storm  must 
be  raging  about  us,  aud  how  it  must  beat  agaiust  us  and  against 
every  exposed  surface.  According  to  the  kinetic  theory  the 
pressure  of  a  gas  (or  its  expansive  power,  as  it  is  sometimes 
called)  is  entirely  due  to  the  striking  of  tlie  molecules  against 
the  suifaces  on  which  the  gas  is  said  to  press,  the  impulses  fol- 
lowing one  another  in  such  rapid  succession  that  the  effect  pro- 
duced cannot  be  distinguished  from  constant  pressure.  Upon 
the  kinetic  energy  of  these  blows,  and  upon  the  number  of  blows 
per  second,  must  depend  the  amount  of  pressure.  But  we  saw,  in 
§  108,  that  on  the  energy  of  the  individual  molecules  depends 
that  condition  of  a  gas  called  its  temperature ;  so,  it  is  apparent, 
as  stated  above,  that  the  pressure  of  a  given  quantity  of  gas  varies 
as  its  temperature.  Again,  as  at  the  same  temperature  the  num- 
ber of  blows  per  second  must  depend  upon  the  number  of  mole- 
cules in  the  unit  of  space,  it  is  apparent  that  the  pressure  of 
any  particular  gas  varies  as  the  density. 

The  following  estimates'  made  for  hydrogen  molecules  at  0°  C,  and 
under  a  pressure  of  one  atmosphere,  may  prove  interesting :  — 

Mean  velocity,  6100  feet  per  second. 

Mean  path  without  collision,  38  ten-millionths  ^f  an  inch. 

Collisions,  17,750  millions  per  second. 

Mass,  210,000  million  million  million  weigh  1  gram. 

Xumljer,  19  million  million  million  fill  one  cubic  centimeter. 
Tile  density  of  oxygen  is  16  times  that  of  hj'drogeu  at  the  same 
temperature  and  pressure ;  what  is,  therefore,  the  mean  velocity  of 
oxA'gen  molecules  at  0°  C,  and  under  a  pressure  of  one  atmosphere? 

§128.  Diffusion  of  gases  and  liquids. — The  kinetic 
theory  of  gases  explains  why  gases  penetrate  into  any  spaces 
open  to  them,  and  likewise  the  phenomenon  known  as  the  diffu- 
sion of  gases  (see  §  41).  The  presence  of  a  gas  in  a  given  space 
only  delays  the  spread  of  another  gas  in  the  same  space  by 
collision   between  the    molecules  of    the  iuterdiffusing    gases. 

I  MaxwtU, 
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Tlie  dififusion  between  liquids,  though  not  so  well  understood, 
is  undoubtedly  due  in  part  to  similar  molecular  motions. 

XXiL     EFFECTS    OF    HEAT    CONTINUED.  —  LIQUEFACTION 
AND   VAPORIZATION. 

Experiment  1.  Melt  separately  tallow,  lard,  aud  beeswax.  When 
partially  melted  stir  well  with  a  thermometer,  ami  ascertain  the  melt- 
iuic  points  of  each  of  these  substances. 

Experiment  2.  Place  a  test-tube  (Fig.  113),  half  filled  with  ether, 
in  a  beaker  containing  water  at  a  temperature  of  GO"  C.  Although  the 
temperature  of  the  water  is  -10°  below  its  boiling  point, 
'^'  ■  ^  it  very  quickly  raises  the  temperature  of  the  ether  suffi- 
ciently to  cause  it  to  boil  violently.  Introduce  a  chemical 
thermometer'  into  the  test-tube,  and  ascertain  the  lioiling 
point  of  etlier. 

Experiment  3.     Half  fiU  a  glass   beaker,  of    a   liter 
capacity,  with  fragments  of  ice  orsnow,  and  set  tlie1>eaker 
into  a  basin  of  boiling-hot  water.     Stir  the  contents  of 
the  beaker  with  a  thermometer  until  the  ice  is  aU  melted, 
observing  from  time  to  time  the  temperature  of  the  contents. 

Experiment  4.  As  soon  as  the  last  piece  of  ice  disappears,  remove 
the  Jlask  from  tlie  warm  water,  wipe  the  outside,  and  place  it  over  a 
Bunsen  i)urner  and  lieat.  Carefully  watch  tlie  tempei'ature  until  the 
water  has  been  boiling  a  short  time.  Wliat  do  you  observe?  Place 
more  l)urners  under  tlie  beaker;  the  water  boils  more  violently;  does 
the  temperature  rise? 

Experiment  5.  Place  in  contact  the  smooth,  dry  surfaces  of  two 
pieces  of  ice;  press  tiiem  together  for  a  few  seconds;  remove  the 
pressure,  and  tliey  will  l)e  found  lirmly  frozen  together.  The  ice  at  the 
surfaces  of  contact  melts  under  the  pressure,  but  when  the  pressure  is 
removed  1  lie  liquid  instantly  freezes  and  cements  the  pieces  together. 
It  is  ill  tlii>  manner  tliat  snow-balls  are  formed, 

NoTK.  —  ]|'  ii  tliermometer  is  placed  in  a  mixture  of  ice  and  water, 
and  the  mixture  is  subjected  to  great  pressure,  some  of  the  ice  will 
melt  and  tiie  temperature  will  fall;  l)ut  when  the  i)ressure  is  removed, 
a  portion  of  (lie  water  freezes  and  the  temperature  rises.  From  this 
we  learn  tliat</te  melting  {or freezing)  point  of  water  is  very  slightly  low- 

'  .\  chi-mlciil  thcimoiueler  lias  its  scali-  on  the  glass  stem,  instead  of  a  metal  plate, 
ttiiU  is  ollliTWlso  u(lii)>tcd  to  expuriiui-Dtai  use. 
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ered  by  pressure.  The  depression  is  about  jH  o^  1"C.  for  each  atmos- 
phere. On  tlie  other  hand,  it  is  found  that  substances  which,  unlike  ice- 
expand  in  melting y  have  their  melti?ig  points  raised  by  pressure. 


glass 


Fig.  114. 


Experiment  6.  Half  fill  a  thin 
flask  with  water.  Boil  the 
water  over  a  Buusen  burner;  the 
steam  will  drive  the  air  from  th'- 
flask.  Withdraw  tlie  burner,  quickly 
cork  the  flask  very  tig-htly,  and  plunge 
the  flask  into  cold  water,  or  invert  the 
flask  and  pour  cold  water  upon  the 
part  containing  steam,  as  in  Fig.  114. 
What  is  the  result?  Clan  you  ofl'er  any 
explanation?  Suggest  an  experiment 
to  test  your  explanation. 

If  hot  water  is  poured  upon  the 
flask,  the  water  ceases  to  boil. 
(Why?)  Under  the  receiver  of  an 
air-pump,  water  may  be  made  to 
boil  at  any    temperature  between 

0°  and  100°  C.  ;  indeed,  if  exhaustion  is  carried  far  enough, 
boiling  and  freezing  may  be  going  on  at  the  same  time.  When 
high  temperature  is  objectionable,  apparatus  is  contrived  fot 
boiling  and  evaporating  in  a  vacuum  ;  as,  for  instance,  in  the 
vacuum-pans  used  in  sugar  refineries.  As  water  boils  more 
easily  under  diminished  pressure,  so  it  boils  with  more  difficulty 
when  the  pressure  is  increased  ;  and  the  temperature  to  which 
water  may  be  raised  under  the  pressure  of  its  own  steam  is 
only  limited  by  the  strength  of  the  vessel  containing  it,  Ves' 
sels  of  this  kind  are  often  employed  to  effect  a  complete  pene- 
tration of  water  into  solid  and  hard  substances.  By  this  means 
gelatine  is  extracted  from  the  interior  of  bones.  In  the  boiler 
of  a  locomotive,  where  the  pressure  is  sometimes  150  lbs.  above 
the  atmosphere,  the  boiling  point  rises  to  about  180°  C't 
(356° F.) 
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On  tlie  Other  hand,  it  is  well  known  that  sea-water  which  eon- 
tains  saline  mutter  in  solntion  freezes  at  a  lower  temperature 
than  0°  C  From  the  above  ex[>erinienls,  and  others  of  a  similar 
nature,  we  derive  the  following 

LAWS  OF  FUStOX  AND  UOII-INft. 
1.  The  temperature  at  which  "1.  The  temperature  at  which 
solids-melt  differs  for  different  snh-  liq-ids  boil  differs  for  different  suh- 
.stances,  but  is  invariable  for  the  \sta/ices,  but  the  temperature  of  the 
same  substance,  if'  the  pressure  is  vapor  is  invariable  for  the  same 
constant.     Substances  solidify  usu-    substance  if  thepressure  is  constant. 


ally  at    the    same   temperatures    as 
those  at  which  they  melt. 

2.  After  a  solid  begins  to  melt, 
the  temperature  remains  constant 
until  the  whole  is  melted. 

3.  Pressure  lowers  the  melting 
{or  solidifying)  point  of  substances 
that  expand  on  solidifying,  and 
raises  the  melting  point  of  those 
that  contract. 

4.  The  freezing  point  of  water 
is  lowered  by  the  presence  of  salts  in 
solution. 


Vapors  liquefy  at  the  same  tempera- 
tures as  those  at  which  they  boil. 

2.  After  a  liquid  begins  to  boil 
the  temperature  remains  constant 
until  the  whole  is  vaporized. 

3.  Pressure  raises  the  boiling 
point  of  all  substances. 


4.  The  boiling  jioint  of  water 
is  raised  by  the  presence  of  salts  in 
solution. 


REFKKENCE     TABLES. 
Melting  Points. 


Alcoliol — laoo     C. 

Murcury —88.8° 

Sulpliuric  acid — ;i4.4" 

Ice 0° 

riiosphorus 44° 

Sulphur 115° 

Tin about  L'33° 

Lead "      334° 


Zinc about....    425"C. 

Silver "      ...  .1000° 

Gold "      ...    1200° 

Cast-iron •   lo.")0-12oO" 

Wrought-irou.  ..     "  l.");ji)-1000° 
Iridium  (the  most 

infusible  metal) 

about H».>0° 


Boiling  Points  under  a  Pressure  of  one  Atmosphere. 

Carbon  dioxide — 78°C.  I  Carl)on  bisulphide 48°C. 

.Vmmouia — 40°      |  .Mcoliol 78° 

Suljilun-  dioxide — 10°      I  Water. 100° 

Etlier ;',:/ 


Mercury 350° 
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Boiling  Points  of  Water  at  Different  Pressures. 


Barometer. 

184°  F. 16.68  inches. 

190"      18.99       " 

200°      23.45      " 

210°      .28.74      " 

212°      29.92      " 


Atmospheres. 

212°  F 1 

249.5^ 2 

273.3° 3 

oOG°     5 

356.6° 10 


The  temperature  of  the  boiling  point  of  water  varies  witli  the  alti- 
tude of  places,  in  consequence  of  the  diflerent  atmospheric  pressure. 
A  difference  of  altitude  of  533  ft.  causes  a  variation  of  l^F.  in  tlie 
boiling  point. 

Boiling  Points  of  Water  at  Different  Altitndes. 


Quito 

Mont  Blanc 

Mt.  Washington 


Above  the 
sea-level. 

+  9,500  ft..  . 
15,650    "    .  . 

Mean  hight  of 
Barometer. 

. .21.53  iu. .  . 

Temperature. 
.  .  .    195.8^  F. 

....16.90  "   .. 

...186° 

6,290    "   .. 

...22.90  "   .. 

. . . 200° 

0   "   .. 

....30.        "   .. 

...212° 

-  1,316    "    .. 

....31.50  "   .. 

...214° 

Fis.  115. 


Boston 

Dead  Sea  (below) —  1,316 

§129.    Distillation. — Apparatus  like   that  represented  in 

Figure  115  ma}'  be 
easil}-  constructetl. 
The  following  ex- 
periment will  be 
f  o  u  n  d  interesting 
and  instructive. 

Experiment.   Half 
fill  the   flask  A  witli 
water  colored  witli  a 
few    drops    of    ink. 
Boil   thO'  water,   and 
the  steam  arising  will 
escape    through    the 
glass    delivery    tube 
EB.    This  tube  is  surrounded  in  part  by  a  larger  tube  C,  called  a  con- 
denser, which  is  kept  filled  with  cold  ^vater  flowing  from  a  vessel  D 
tln-ough  a  siphou  S,  the  water  finally  escaping  through  the  tube  E. 
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The  steam  is  condensed  in  its  passage  through  the  delivery  tube,  and 
the  resulting  liquid  is  caught  iu  the  vessel  F.  The  liquid  caught  is 
colorless.  A  complete  separation  of  thewaterj^  portion  of  the  colored 
liquid  from  the  other  ingredients  of  the  ink  is  effected,  the  latter  being 
left  in  the  flask  A. 

Tlie  separation  is  accomplished  on  the  2'>i'inciple  that  the  tem- 
perature of  the  boiling  points  of  different  substances  differ.  The 
water  is  raised  to  its  vaporizing  point,  but  tlie  otlier  substances 
are  not.  The  apparatus  is  called  a  still,  and  the  operation 
distillation. 

If  a  volatile  liquid,  such  as  alcohol,  is  to  be  separated  from 
water,  can  the  above  apparatus  be  used?  If  so,  will  the  alcohol 
or  the  water  first  leave  the  flask  A?  A  grocer,  who  had 
watered  his  whiskey  too  freely,  attempted  to  correct  his 
mistake  by  boiling  the  mixture  in  an  open  pot.  What  was 
the  result? 

§  130.  Evaporation.  —  In  boiling,  the  heat,  usually  ap- 
plied at  the  bottom,  rapidly  converts  the  liquid  into  vapor, 
which,  rising  in  bubbles  and  breaking  at  or  near  the  surface, 
produces  a  violent  agitation  in  the  liquid,  sometimes  called 
ebullition.  Evaporation  is  that  form  of  vaporization  which  takes 
place  quietly  and  slowly  at  the  surface.  The  phenomena  and 
laws  of  vaporization  of  all  liquids  are  similar,  T)nt  we  will  study 
only  the  important  case  of  water.  Although  hastened  by  heat, 
the  evaporation  of  Avater  occurs  at  an}'  temperature,  however 
low  ;  even  ice  and  snow  evaporate. 

The  rapidity  of  evaporation  varies  directly  icith  the  tempera- 
ture^ amount  of  surface  exposed,  and  dryness  of  the  afjnosphere, 
and  inversely  with  the  pressure  upon  the  liquid.  This  va[)or  of 
water  mixes  freely  with  the  air,  and  diffuses  readily  through  it, 
acting  liivc  anoihcr  gas  (compare  §§  41  and  12<S).  The  air 
does  not  take  up  water  like  a  si)onge,  as  is  commonly  iinagined ; 
for,  if  the  air  could  be  removed  from  a  room,  wliere  there  is  a 
large  vessel  of  water,  every  cuImc  foot  of  the  space  in  the  room 
would  be  found  to  contain  just  as  much  water-vapor  as  it  does 
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when  the  air  is  presen'^,  —  probably  a  very  little  more.  In  either 
case,  only  a  definite  quantity  would  be  found  in  each  cubic  foot, 
a  quantity  depending  on  tlie  temperature  of  the  space.  Thus,  nt 
0°C.,  each  cubic  foot  can  contain  0.14";  at  10°,  0.2Gs  ;  at  20°, 
0.49^;  and  at  30°,  0.85°.  P^vidcntly  the  capacity  is  nearly 
doubled  by  a  rise  of  1 0°  in  temperature. 

§  131.  Dew  point.  —  When  a  space  contains  such  an 
amount  of  watcr-va[)or,  whether  it  contains  other  gases  or  not, 
that  its  temperature  cannot  be  lowered  without  some  of  the  water 
bemg  precipitated  in  tlie  form  of  a  liquid,  tlie  space  is  said  to  be 
saturated,  and  the  temperature  is  called  the  deiv  point.  The  form 
in  which  the  condensed  vapor  appears  is,  according  to  its  loca- 
tion, dew,  fog,  or  cloud.  The  atmosphere  is  said  to  be  dry  or 
luimid,  according  as  the  difference  between  the  dew  point  and 
the  temperature  of  the  atmosphere  is  great  or  little. 

QUESTIONS. 

1.  Why  does  our  breath  prochuL'  a  chn.d  in  winter  and  not  in  sum- 
mer? 

2.  (a)  If  air  at  0°  is  warmed  to  20°  C,  how  will  its  dryness  be 
affected?    (6)  Wliat  eflfect  would  such  warmed  air  liave  on  wet  clotlies? 

3.  If  saturated  air  at  20^^  is  blown  into  a  cellar  where  the  tempera- 
ture is  10',  what  will  happen? 

4.  What  is  the  cause  of  the  general  complaint  of  dryness  of  air  in 
rooms  heated  by  stoves  or  furnaces? 

5.  Does  a  given  mass  of  air  in  such  a  room  contain  less  water-vapor 
than  an  equal  mass  of  cold  out-door  air  at  the  same  time? 

XXIII.    HEAT  CONVERTIBLE  INTO  POTENTIAL  ENERGY.  AND 

VICE  VERSA. 

§  132.  Heat  units.  —  It  is  frequently  necessary  to  measure 
quantity  of  heat,  and  for  this  purpose  a  standard  unit  of  measure- 
ment is  required.  The  heat  unit  generally  adopted  is  the  aDiomit 
of  heat  r<  quired  to  raise  the  ternptrature  of  one  Tcilogram  of  water 
from  0°  to  1°C.     This  unit  is  called  a  calorie. 
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Lot  it  be  required  to  find  the  niiioiint  of  heat  that  disappears 
(E\-p.  ;>,  p.  1-!  ')  during  tlie  melting  of  one  kilogram  of  ice. 

i:xpcrimeiit  1.  M.x  1^^  uf  water  at  0°  with  l''  at  20';  the  tempera- 
ture of  the  mixture  becomes  10  \  The  heat  that  leaves  1^  of  water 
whea  it  falls  from  20°  to  10°  is  just  capable  of  raisiiii;  1^^  of  water  from 
n"  to  !<)=. 

From  tliis  experiment  you  h'.-im  this  important  truth.  .1 
hxlij,  in  coo'iiiij,  gives  to  snr  ound  i  g  boihe.^  "s  iiinch  li>  at  as  is  re- 
quired to  rrstore  its  otcn  temperafare. 

Experiment  2-  Put  a  kilouram  of  snow  or  pounded  ice  at  0"  C. 
iato  a  kil();;ram  of  water  at  Ido-  C,  and  rapidly  stir  the  mixture  until 
llie  snow  is  melted.  Observe  the  temperature  at  the  moment  the  snow 
is  melted. 

Let  a'^'  l)e  the  temperature  thus  observed.  One  kiloffram  of  water 
has  been  cooled  (100  —  a^)  ;  onekilojrram  of  ice  has  been  melted  and  the 
re^ultinii  kilogram  of  water  has  l)e('U  warmed  «°.  Therefore  (100  —  L'a) 
calories  have  beenrecpilred  to  melt  one  kilogram  of  ice. 

Repeat  the  experiment  witli  different  weiglits  of  water  and 
snow,  and  compare  tiie  lesiiJts.  Taking  the  average  of  your  cx- 
perimen's,  how  many  caloiies  do  yen  (iml  ai'e  lequired  to  melt 
one  kilogiani  of  ice? 

Next,  let  it  be  requned  to  fnul  Ihi'  amount  of  heat  that  dis- 
ajipears  during  the  conversion  of  l""  of  water  intostt'am. 

Ivxpcrinieiit  2.  I'lace  1''  of  water  at  o  -  (".  i;i  a  beaker,  and  lieat  the 
>«ame  willi  a  IJaii -en  l)urner.  Note  the  tiiiu'  that  it  lakes  to  raise  the 
waliT  from  0°  C.  to  lOO^'C,  also  tlie  time  (hirini;  which  tiie  leiiipcraluic 
of  the  water  remains  stationary  while  the  water  is  boilinu;  away.  Li't 
tlie  latter  timr  be  (/  limes  tile  foi  nier. 

Now.  MS  the  water  receives  100  calories  dining  the  time  it  is 
rising  from  tlie  freezing  to  t'le  boiling  point,  it  i:iiist  receive  alioiit 
100  a  calories  during  the  time  it  is  converted  into  .-team  ;  but  the 
temperature  of  tile  water  is  not  clianged  during  the  latter  o[)er. 
iition. 
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Repeat  this  experiment,  and  And  tlie  average  of  the  results. 
Experiments  made  by  more  accurate  but  more  comphcated  metliods 
tlian  the  above  give  the  following  results  :  — 

1.  The  amount  of  heat  that  disappears,  or  is  lost,  in  the  meliin;/  of  on; 
kilogram  of  ice  is  80  calories. 

2.  The  amount  of  heat  that  disappears,  or  is  lost,  in  the  conver.->ion  of 
one  kilogram  of  water  into  steam  is  537  calorics. 

If  your  experiments  are  carefully  made,  and  your  calculations  based 
thereon  are  correct,  j'ou  should  reach  conclusions  differing  very  little 
from  the  abo\e. 

§  133.  Two  questions  answered.  —  Inasmuch  as  none  of 
tlie  lieat  applied  during  the  melting  of  ice  and  the  conversion 
of  water  into  steam  raises  the  temperature  of  the  body  lo 
which  it  is  applied,  the  question  arises,  What  does  the  heat  d>? 
Again,  Why  is  iiot,  ice  instantly  conrert(d  into  toater  on  reach- 
ing the  meltiitg-poiiit.  and  water  instantly  converted  iido  ^-teani  on 
reaching  the  boiling-point 

The  answer  to  the  first  question  is.  All  of  the  heat  applied  in 
nieltino;  ice  is  consumed  in  doing  interior  worJi\  as  \t  is  culled. 
The  molecules  that  were  firmly  held  in  their  place  by  molecular 
forces  are  now  moved  from  their  places,  and  so  work  is  done 
against  these  forces,  just  as  work  is  done  against  gravity  when 
a  weight  is  lilted.  In  the  conversion  of  water  into  steam  a 
similar  action  goes  on  ;  the  heat  is  expended  in  separating  the 
molecules  so  far  that  the  molecular  attractive  forces  aie  no 
longer  sensible,  all  except  the  smail  fraction  used  in  overcoming 
atmospheric  i)ressure.'  Heat,  the  energy  of  motion,  in  I)oth 
instances  does  important  work,  and  i.9  thereby  converted  into 
the  energy  of  positi(Mi,  or  i)otenlial  energy,  —  energy  of  the 
same  kind  as  that  of  a  rnised  weight. 

The  answer  to  the  second  question  is,  The  amount  of  work 
done  in  both  instances  is  great,  as  shown  by  the  amount  of  heat 
consumed  in  doing  the  work  ;  80  calories  per  kilogram  of  ice 
being  required  in  the  first  in?t:ince,  and  537  calories  per  kilo- 
gram of  water  in  the  second  ;  hence  it  requires  a  long  time  to 
^.cquire  the  requisite  amount  of  heat.      It  is  fortunate  that  it 

1  This  fractiou  is  about  ^-V 
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t:ikes  a  large  quantity  of  heat  to  melt  ice  ;  otberwise,  on  a  single 
warm  day  in  winter,  all  the  ice  and  snow  would  melt,  creating 
most  destructive  freshets.  The  heat  which  disappears  in  melting 
and  ])oiling  is  generally,  but  with  our  present  kno\  ledge  of  the 
subject,  rather  objectionably,  called  latent  (hidden)  heat.  The 
error  consists  in  calling  that  heat  which  has  ceased  to  be  heat, 
i.e.,  has  ceased  to  be  molecular  motion. 

§  134.  Methods  of  producing  artificial  cold. — The  fact 
that  iieat  must  be  consumed  because  work  is  done,  in  the  con- 
version of  solids  into  liquids  and  liquids  into  v;ipors,  and  in  the 
siujple  expansion  of  gases,  is  turn  tl  to  practical  use  in  many 
ways  for  the  purpose  of  producing  cutijiciul  cold.  They  are 
embraced  under  three  heads,  viz.  :  Cohl  produced  hy  solution.^ 
by  ev^(poratio7i,  and  hy  expansion  of  gases.  The  following 
experiments  will  illustratL'  :  — 

fj  135.  Cold  by  solution.  —  Freezing-  mixtures.  —  Experi- 
ment. Prep:u'L'  a  mixture  of  '_'  parts  by  weight  of  pulverized  ammo- 
iiiinii  nitrate  and  1  i)art  of  anniioiiiuni  cliloride,  and  dissolve  hi  ;5  parts 
of  water  (not  wanner  tlian  10°  C.),  stirring  the  same,  wliile  dissolvmg, 

w  itli  a  test-tube  containing  a  little  water. 
What  is  the  result?     What  temperature  is 
vS   indicated  by  a  thermometer  placed  in  the 
mixture? 

Ono  of  the  most  common  freezino; 
mixtures  cons'sts  of  8  jiarts  snow  or 
broken  ice  and  1  part  of  common  salt. 
The  atllnity  of  salt  for  water  causi's  a 
li(luefaction  of  the  ice,  and  the  result- 
ing liquid  dissolves  the  salt,  both  oper- 
ations requiring  heat. 

if  136.  Cold  by  evaporation.  — Experiment  1.  Fill  the  i)alni 
of  tlieliand  willi  ellier;  tlie  ether  .luickly  evaporates,  and  what  is  the 
re  .nil? 

Experiiiieiii  Z.  I'lace  water  at  al)out  lu°  C.  in  a  thin  porous 
cuj),     such     as      is     used     in     the     Grove's     l)attery,    and     iutrodiice 


Fig.  117. 
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the  bulb  of  a  thermometer ;  although  the  experiment  be  conducted  in  a 
warm  room,  tlie  large  surface  exposed  by  means  of  the  porous  vessel 
will  so  hasten  evaporation  that  in  the  course  of  fifteen  minutes  there 
will  be  a  very  sensible  fall  in  temperature. 

Experiment  3.  Cover  closely  the  bulb  of  an  air  thermometer  (Fig. 
117)  with  thin  muslin,  and  partly  All  the  stem  with  water.  Let  one 
person  slowly  drop  ether  on  the  bulb  while  another  brisklj'  blows  the 
air  charged  with  vapor  away  from  the  bulb  with  a  bellows.  (Why  ?) 
The  water  in  the  stem  will  quickly  freeze  even  in  a  warm  room. 

QUESTIONS. 

1.  Why  do  we  bathe  the  fevered  forehead  with  alcohol  and  water  ? 

2.  How  does  perspiration  contribute  to  our  comfort  ? 

3.  Why  do  we  fan  ourselves  ? 

4.  Why  does  a  windy  day  seem  colder  to  us  than  a  still  day,  although 
the  temperature  is  the  same  on  both  days  ? 

5"    How  does  sprinkling  a  floor  cool  the  air  of  a  loom  ? 

§  137.  Cold  by  expansion  of  gases.  —  When  a  beer  bottle 
is  opened,  a  fog  is  snddeuly  produced  iu  the  neck  of  the  bottle 
due  to  the  chill  of  an  expanding  gas. 

The  work  done  in  the  expansion  of  a  gas  consists  only  in 
forcing  back  the  surrounding  air.  If  confined  au'  is  allowex^l  to 
expand  into  a  vacuum,  no  work  is  done,  and  the  temperature  is 
not  changed.  What  conclusion  does  this  point  to  concerning 
intcrmolecular  attraction  in  air?  By  allowing  condensed  air 
containing,  as  it  usually  does,  watery  vapor,  to  escape  suddenly 
from  the  vessel  iu  which  it  is  confined,  icicles  have  been 
formed    around  the  orifice  whence  it  escapes. 

§  138.  Potential  energy  converted  into  heat  by  the 
solidification  of  liquids  and  the  liquefaction  of  vapors.— 
Experiment  1.  Boil  about  ^  liter  of  water  in  a  glass  flask,  and  add, 
slowly,  pulverized  sodium  sulphate  until  the  boiling  water  refuses  to 
dissolve  more  (hot  water  will  dissolve  about  twice  its  weight  of  this 
substance).  Then  set  the  hot  solution  in  a  place  where  it  will  not  be 
disturbed,  and  let  it  stand  for  about  24  hours,  that  it  may  acquire  the 
temperature  of  the  room.  Thrust  the  bulb  of  a  thermometer  into  the 
solutiou,^  and  at  the  same  time  drop  in  a  lump  of  sodium  sulphate  j 
*  The  Bolution  is  nov,-  said  to  be  supersaturated. 


190 


MOLECULAR  ENERGY.  —  HEAT. 


solidification  instantly  sets  in,  and  in  a  few  seconds  the  liquid  mass 
will  be  almost  wholly  replaced  by  crystals.  At  the  same  time,  what 
change  takes  place  in  the  temperature?    "What  does  this  change  prove? 

The  heat  which  is  consumed  in  dissolving  a  solid,  and  in  giv- 
ing the  molecules  an  advantage  of  position,  is  restored  when  the 
molecules  arc  allowed  to  resume  their  original  positions,  as  a 
falling  weight  restores  the  kinetic  energ}'  consumed  in  raiding  it. 

Experiment  2.  Place  water  at  about  10°  C.  in  a  bottle,  and  intro- 
duce a  thermometer.  Surroimd  the  bottle  with  a  snow  and  salt  freez- 
ing mixture  ;  the  temperature  of  the  water  rapidly  falls  until  it  reaches 
0°C. 

The  heat  which  the  water  loses  is  consumed  in  melting  the  ice 
and  dissolving  the  salt.  At  0°  C.  the  water  begins  to  freeze, 
and  the  temperature  remains  stationary  until  all  the  water  is 
frozen,  when  its  temperature  again  falls.  The  temperature  of 
the  freezins  mixture  is  much  lower  than  that  of  the  w\n.ter  while 
freezing ;  the  latter,  then,  must  give  heat  to  the  former.  That 
the  mixture  receives  heat  Fig.  ii8. 

is  shown  by  the  continua- 
tion of  the  melting  and 
dissolving.  But  as  the 
temperature  of  the  water 
while  freezing  does  not 
fall,  it  must  be  that  the 
heat  which  it  surrenders 
during  solidification  arises 
from  the  conversion  into 
heat  of  the  potential  en- 
ergy possessed  by  the  molecules  of  the  liquid. 

Experiment  3.  .Vnaugc  apparatus  as  in  Figure  118.  When  water 
in  the  flask  A  begins  to  boil,  introduce  the  end  of  the  delivery  tube  B 
Wito  a  vessel  C  of  water  at  0-"  C.  The  steam  that  passes  through  ihj 
tube  is  condensed  on  entering  the  cold  water  and  heats  the  water. 
Wiien  a  considerable  portion  of  the  water  has  boiled  away,  weigh  the 
\vatei  remaining  in  A,  and  ascertain  the  quantity  that  has  been  con- 
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verted  into  steam ;  also  ascertain  the  temperatiu'e  of  the  water  in  C. 
and  the  number  of  calories  which  it  has  received.  Compare  the  result 
of  your  calculation  with  the  statement  in  §  132. 

For  every  kilogram  of  water  that  is  converted  into  steam, 
5.37''  of  water  (practiealh\  considerabl}*  less  than  this  quantity, 
in  consequence  of  loss  of  lieat  by  radiation  and  evaporation 
from  C)  will  be  raised  from  0°  to  100°.  As  1''  requires  100 
units  of  heat  to  raise  it  to  100°,  the  5.37''  must  require  537  units 
of  heat.  But  the  steam  raises  the  water  to  its  own  temperature 
without  having  its  own  temperature  lowered.  (Whence  come 
the  537  units  of  heat  that  raise  the  temperature  of  the  water?) 

Heat  that  is  consttmed  in  liquefying  solids,  and  in  vaporizing 
liquids,  is  always  restored  ivhen  the  reverse  change  takes  place. 
Farmers  well  understand  that  water,  in  freezing,  gives  out  a 
great  deal  of  heat, — at  a  low  temperature,  it  is  true,  but  still 
high  enough  to  protect  vegetables  which  freeze  only  when  con- 
sideralily  colder  than  melting  ice.  The  fact  that  steam,  in 
condensing,  generates  a  large  amount  of  heat,  is  turned  to 
practical  use  in  heating  buildings  by  steam. 


XXIV.     SPECIFIC    HEAT. 

§  139.  Temperatures  of  diflferent  substances  raised 
unequally  by  equal  quantities  of  heat.  —  Will  equal  quanti- 
ties of  heat  applied  to  equal  weights  of  different  substances 
raise  their  temperatures  equally  ? 

Experiment  2.  Take  (say)  300s  of  sheet  lead,  and  make  a  loose 
roll  of  It,  and  suspend  it  by  a  thread  in  boiliug  water  for  about  five 
minutes,  that  it  may  acquire  the  same  temperature  (100°  C.)  as  the 
water  Eemove  the  roll  from  the  hot  water,  and  immerse  it  as  quickly 
as  possible  in  300"  of  water  at  0°,  and  introduce  the  bulb  of  a  ther- 
mometer. Note  the  temperature  of  the  water  wlieu  it  ceases  to  rise, 
which  will  be  found  to  be  about  3°  (accurately  3.3°+').  The  lead  cools 
very  much  more  than  the  water  warms.  Lead  falls  about  33*^  for  every 
degree  an  equal  weight  of  water  is  warmed. 
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From  this  experiment  we  learn  that  the  quantity  of  heat  that 
raises  I''  of  lead  from  3.3°  to  100°,  when  transferred  to  water, 
can  raise  1'' of  water  only  from  0°  to  3.3°.  Hence  we  conclude 
that  equal  qiiantilies  of  hi^at  applied  to  equal  iceights  of  different 
siibfitauces,  raise  their  temperatures  unequally. 

§  140.  Capacity  for  heat,  —  If  equiil  weights  of  mercury, 
alcoliol,  and  water  ;ire  exposed  to  the  same  heat,  the  mercury 
will  rise  30°,  and  the  alcohol  nearly  2°,  wliiie  tlie  water  is  rising 
1°.  From  tliis  we  infer  that  to  raise  a  kilogram  of  each  of 
these  substances  from  0°  to  1°  requires  30  times  as  much  heat 
for  the  water  as  for  the  mercur}-,  and  twice  as  much  as  for  the 
alcohol.  Since  heat  affects  tlie  temperature  of  water  less  than 
mercury  and  alcohol,  the  first  is  said  to  have  a  g  eater  capacity/ 
for  heat.  The  number  of  ti7iits  of  heat  ri^quired  to  raise  the  tem- 
2)eraiure  of  a  unit  of  7nass  of  a  substance  1°  C ,  is  called  tlie 
capaciiy  for  heat  if  that  substance. 

§  141.  Specific  heat  defined.  —  It  is  a  great  convenience 
to  Ite  abU'  to  compare  t'le  capacities  of  ditTerent  sul)stances  for 
lieat.  The  standard  employed  is  water,  and  the  ratio  wliich 
expresses  the  comparison  is  called  specific  heat. 

Tlie  ypecijic  heat  of  a  bod;/  i.s  the  ratio  of  its  capacity  for  heat 
to  that  of  an  equal  weight  of  under. 

From  the  data  obtained  in  the  last  experiment  we  may  calcu- 
late the  specific  heat  of  lead  as  follows  :  The  same  quantity  of 
heat  that  raises  the  water  3.3°  (from  0°  to  3  3°)  raises  the  lead 
IHi  70°  (from  3.3°  to  100°)  ;  hence,  to  raise  t'.ie  lead  1°  requires 

3.3 

, — :7=  034+  as  much  heat  as  to  raise  the  water  1°. 

The  specific  heat  of  all  solids  and  liquids,  and  most  gases, 
increases  slightly  with  the  t(-mperature.  Thus,  water  at  0°  C. 
has  a  sjjecific  heat  of  1  ;  at  40°,  1.0013  ;  at  >0°,  1.0035.  Sul> 
stances  in  a  liquid  state  usually  liave  a  higher  specific  heat  than 
in  liie  solid  or  gaseous  state.  Thus  water  has  ncaily  double  the 
specific  heat  of  ice,  and  a  little  more  than  double  the  specific 
heat  of   steam. 
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REFERENCE  TABLES. 

Table  of  mean  specific  heat  between  0°  C.  a?id  100°  C. 

Hj'di-ogen 3.4090  |  Iron 1138 

Air 2375 

Sulphur 2026 

Glass .1770 


Copper 0952 

Mercury 0333 

Lead 03U 


Specific  heat  of  the  same  substance  in  different  states. 

Solid.  Liquid.  Gaseous. 

Water 5040     1.0000     4805 

Bromiue 0833       1060     0555 

Lead 0314     0402     

Alcohol 00-.77 45 


§  142.  Causes  of  difference  in  capacity  for  heat.  —  Of 
the  whole  quantity  of  heat  applied  to  a  solid  or  liquid  body, 
only  a  part  goes  to  increase  the  heat  of  the  body  and  thereby 
to  raise  its  temperature  ;  the  remaiuder  performs  ^/^ter/or?<;o?•A;  in 
overcoming  c  hesion  between  the  molecules  of  the  body,  and  in 
forcing  them  to  take  up  new  positions.  The  greater  the  portion 
of  heat  consumed  in  interior  work  upon  a  body  the  less  there 
Is  left  to  raise  its  temperature,  and  consequently  the  greater  its 
eapac'ty  for  heat.  Again,  considering  that  portion  of  heat 
which  does  raise  the  teinperature,  since  the  temperature  depends 
upon  the  average  kinetic  energy  of  each  molecule  (§§  108,  109), 
it  is  evident  that  the  quantity  of  h 'at  required  to  raise  the  tem- 
perature of  a  unit  of  mass  of  a  substance  1°,  is  greater  the 
greater  the  number  of  molecules  in  a  unit  of  mass.  Thus,  much 
more  heat  is  required  to  raise  the  temperaluie  of  a  pound  of 
water  1°  than  to  raise  that  of  a  pound  of  lead  1°;  (1) 
because  more  interior  v:ork  is  done  in  tlie  wafer  than  in  the 
lead,  and  (2)  because  there  are  more  molecules  in  apound  of 
10  iter  thni  in  a  pound  of  lead.  There  are  other  matters  to  be 
considered  in  connection  with  the  subject  of  this  paragraph,  but 
the  limits  of  this  work  forbid  their  discussion. 
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§  143.  Great  capacity  of  -water  for  heat.  —  Water  requires 
more  heat  to  warm  it,  aud  gives  out  more  iu  cooliug  tlirougli  a 
given  range  of  temperature,  than  any  substance  except  hydrogen. 
Tlie  quantity  of  heat  that  raises  a  kilogram  of  water  from  0° 
to  100°  C.  would  raise  a  kilogram  of  iron  from  0°  to  800°  or 
1)00°  C,  or  above  a  red  heat:  Conversely,  a  kilogram  of  water 
in  cooling  from  100°  to  0°  C.  gives  out  as  much  heat  as  a  kilo- 
gram of  iron  iu  cooling  from  about  900°  to  0°  C. 

QUESTIONS  AND  PROBLEMS. 

1.  IIow  much  heat  is  required  to  change  100"^  of  ice  at  0'^  into  steam 
at  lOO^X'.? 

2.  (a)  1000''  of  steam  at  100°  C.  is  conveyed  by  pipes  tlirongh  a 
building,  and  the  water  resulting  from  its  condensation  returns  to  tlie 
boiler  at  a  temperature  of  80°;  how  much  heat  is  given  out  in  the  build- 
ing. (6)  The  same  quantity  of  lieat  would  raise  how  many  kilograms 
of  water  from  0°  to  100°  ? 

3.  oO^  of  water  at  100°  will  melt  how  many  pounds  of  ice  at  0°  C? 

4.  IIow  mucli  heat  is  required  to  raise  1^  of  ice  from  —  10°  to  10°  C? 

5.  (a)  Apply  the  same  (luantity  of  heat  to  equal  weights  of  ice  and 
water,  cacli  at  a  temperature  of  0°  C. ;  when  the  latter  I'eaches  the 
l)oiling  point  what  will  be  the  temperature  of  the  former  ?  (6)  Why 
will  not  both  liave  the  same  temperature  ? 

6.  What  effect  on  the  temperature  of  the  air  has  the  freezing  of  the 
water  of  lakes  and  other  bodies  of  water  ? 

7.  If  I''  of  iron  at  100°  is  immersed  iu  I''  of  water  atO°C.,  what  will 
be  the  resulting  temperature  ? 

8.  What  is  the  specilic  heat  of  a  substance,  I''  of  which  at  100°,  wlien 
put  into  1''  of  water,  at  0°  raises  its  temperature  to  5°  C.  ? 

9.  '>0^  of  mercury  at  S0°  will  melt  wliat  weight  of  ice  at  0°  C.  ? 

10.  Why  is  hot  irntcr  in  bottles  often  used  to  warm  beds  in  prefer- 
ence to  other  substances  ? 

11.  If  tliere  were  no  water  on  the  earth,  why  would  tlie  difference 
in  temperature  between  day  aud  night,  aud  between  summer  and  win- 
ter, far  exceed  wliat  it  is  now  ? 

12.  Why  are  places  in  vicinity  of  water  less  subject  to  extremes  of 
lieat  aud  cold  than  places  iulaud  ? 
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XXV.     THERMO-DYXAMICS. 

§  144.  Thermo-Dynamics  deflned.  —  Thermo-dynamics  is 
that  branch  of  science  that  treats  of  the  relation  between  heat  and 
mechanical  work.  One  of  the  most  important  discoveries  in 
science  is  tiiat  of  tlie  equivalence  of  heat  and  ivork;  tliat  is,  that 
a  definite  quantity  of  mechnnical  work  can  always  j^^oduce  a 
di finite  quantity  of  heat ;  and  conversely,  this  heat,  if  the  conver- 
sion were  complete,  can  perform  the  original  quantity  ofivork. 

§  145.  Correlation  and  conservation  of  energy.  —  The 
proof  of  the  facts  just  stated  was  one  of  the  most  important 
ste[)s  in  the  establislmient  of  tlie  grand  twin  conceptions  of 
raodei'n  science.  (1)  Tliat  all  kinds  of  energy  are  so  related  t> 
one  another  that  energy  of  any  kind  can  he  changed  into  energy  of 
any  other  kind, — known  as  tlie  doctrine  of  correlation  ov 
ENERGY ;  (2)  That  lohen  one  form  of  energy  disappears,  an 
exact  equivalent  of  another  form  always  takes  its  place,  so  that 
the  sum  total  of  energy  is  unchanged,  —  known  as  tlie  doctrine 
of  CONSERVATION  OF  ENERGY.  Tliese  two  principles  constitute 
the  corner-stone  of  physical  science. 

§  146.  Joule's  experiment.  —  The  experiment  to  ascertain 
the  "  mechanical  value  of  heat,"  as  performed  by  Dr.  Joule  of 
England,  was  conducted  about  as  follows.  He  caused  a  paddle- 
wheel  to  revolve  in  water  by  means  of  a  falling  weight  attached 
to  a  cord  wound  around  the  axle  of  a  wheel.  The  resistance 
offered  by  the  water  to  the  motion  of  the  paddles  was  the  means 
by  which  the  mechanical  motion  of  the  weight  was  converted 
into  heat,  which  raised  the  temperature  of  the  water.  Taking 
a  body  of  a  known  weight,  e.g.,  80^,  he  raised  it  a  measured 
distance,  e.g.,  53™  high;  by  so  doing  4240''''"  of  work  were 
performed  upon  it,  and  consequently  an  equivalent  amount  of 
energy  was  stored  up  in  it  ready  to  be  converted,  first,  into 
mechanical  motion,  then  into  heat.     He  took  a  definite  weight 
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of  water  to  be  agitated,  e.g.,  2'',  at  a  temperature  of  0°  C. 
4.fter  the  descent  of  the  weight,  the  water  was  found  to  have 
L  temperature  of  5°  C.  ;  consequently  the  2''  of  water  must  have 
received  10  units  of  heat  (careful  allowance  being  made  for 
all  losses  of  heat),  which  is  the  amount  of  heat-energ}'  that  is 
equivalent  to  4240''^  of  work,  or  1  unit  of  heat  is  equivalent 
o  424"^""  of  work  (more  accurately  423.985'"'"";. 

§  147.  Mechanical  equivalent  of  heat.  —  As  a  converse 
)i  the  above  it  may  be  demoustrated  b}'^  actual  experiment  that 
the  quantity  of  heat  required  to  raise  1''  of  water  from  0°  to 
1°  C.  will,  if  converted  into  work,  raise  a  424"^  weight  1'"  high, 
or  1''  weight  424"  high.  According  to  the  English  sj'stera,  the 
same  fact  is  stated  as  follows  :  The  quantity  of  heat  that  will 
•aise  1  lb.  of  water  ]°F.  will  raise  772  lbs.  1  ft.  high.  The 
quantity,  424''8'",  or  772  ft.  lbs.,  is  called  the  mechanical  equiva- 
lent of  heat,  or  Joule's  equivalent  (abbreviated,  simply  J.). 

XXVI.     STEAM  ENGINE. 

§  148.  Description  of  a  steam  engine. — A  steam  engine 
is  a  machine  in  which  the  elastic  force  of  steam  is  the  motive 
power.  Inasmuch  as  the  elastic  force  of  steam  is  entirely  due 
to  heat,  the  steam  engine  is  loroperly  one  form  of  a  heat  engine; 
that  is,  it  is  a  machine  by  means  of  which  heat  is  coutinuf>-  sly 
transformed  into  work  or  mechanical  motion. 

The  modern  steam  engine  consists  essentially  of  an  arrange- 
ment by  which  steam  from  a  boiler  is  conducted  to  both  sides 
of  a  piston  alternately  ;  and  then,  having  done  its  work  in  driv- 
ing the  piston  to  or  fro,  is  discharged  from  both  sides  alter- 
nately, cither  into  the  air  or  into  a  condenser.  The  diagram  in 
Figure  1 19  will  serve  to  illustrate  the  general  features  and  the 
operation  of  a  steam  engine.  The  details  of  the  various 
mechanical  contrivances  are  purposely  omitted,  so  as  to  present 
the  engine  as  nearly  na  possible  in  its  simplicity. 
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In  the  diacrram.  B  represents  the  bniUr,  F  the  furnace,  S  the  steam 
pipe  through  which  steam  passes  from  the  boiler  to  a  small  chamber 
VC,  called  the  valve  chest.  In  this  chamber  is  a  slide  valve  V,  which,  as 
it  is  moved  to  and  fro,  opens  and  closes  alternately  the  passages  M 
and  N  leading  from  the  valve  chest  to  the  ajUndpr  C,  and  thus  admits 
the  steam  alternately  each  side  of  the  piston  P.  When  one  of  these 
;iassages  is  open  the  other  is.  always  closed.  Though  the  passage 
between  the  valve  chest  and  the  space  in  the  cylinder  on  one  side  of 

Fig.  U9. 


the  piston  is  closed,  thereby  preventing  the  entrance  of  steam  into  this 
space,  the  passage  leading  from  the  same  space  is  open  through  the 
interior  of  the  valve  so  that  steam  can  escape  from  this  space  through 
the  exhaust  pipe  E.  Thus,  in  the  position  of  the  valve  represented  in 
the  diagram,  the  passage  N  is  open,  and  steam  entering  the  cylinder 
at  the  top  drives  the  piston  in  the  direction  indicated  by  the  arrow.  At 
the  same  time  the  steam  on  the  other  side  of  the  piston  escapes  through 
the  passage  M  and  the  exhaust  pipe  E.  While  the  piston  moves  to  the 
left,  the  valve  moves  to  the  right,  and  eventually  closes  the  passage 
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N  leading  from  the  valve  chest,  aud  opens  the  passage  M  into  the  same, 
and  thus  the  order  of  things  is  reversed. 

Motion  is  communicated  by  the  piston  through  the  piston  rod  K  to 
the  crank  G,  and  by  this  pieans  the  shaft  A  is  rotated.  Connected  with 
the  shaft  by  means  of  the  crank  H,  is  a  rod  R' which  connects  with  the 
valve  V,  so  that  as  the  shaft  rotates,  the  valve  is  made  to  slide  to  and 
fro,  and  always  in  the  opposite  direction  to  that  of  the  motion  of  the 
piston. 

The  shaft  carries  a.fly-icheel  AY.  This  is  a  large,  heavy  wheel,  having 
the  larger  portion  of  its  weight  located  near  its  circumference;  it 
serves  as  a  reservoir  of  energy  which  is  needed  to  carry  the  shaft  past 
two  points  (called  the  dead  points)  in  each  revolution  of  the  shaft,  where 
the  power  communicated  directly  by  the  steam  is  ineffectual  in  moving 
the  shaft.  It  also  assists  to  make  the  rotation  of  the  shaft  and  all  other 
machinery  connected  with  it  uniform,  so  that  sudden  changes  of  velo- 
city resulting  from  sudden  changes  of  the  driving  power  or  resistances 
are  avoided.  (Why  should  the  wheel  be  heavy?  Why  should  it  be  large? 
Why  should  the  rim  be  heavy?  See  p.  102.)  By  means  of  a  belt  pass- 
ing over  the  wheel  W  motion  may  be  communicated  from  the  shaft 
to  any  machinery  desirable. 

§  149.  Condensing  and  non-condensing  engines.'  — 
Sometimes  steam,  after  it  has  done  its  work  in  the  cj'linder,  is 
conducted  through  the  exhaust  pipe  to  a  chamber  Q  called  a 
condenser^  where,  by  means  of  a  spray  of  cold  water  introduced 
through  a  pipe  T,  it  is  suddenly  condensed.  This  water  and  the 
condensed  steam  must  be  pumped  out  of  the  condenser  by  a 
special  pump  called  technically  the  air-pump;  thus  a  partial 
vacuum  is  maintained.  Such  an  engine  is  called  a  condensing 
engine.  The  advantage  of  such  an  engine  is  obvious,  for,  if  the 
exhaust  i)ipe,  instead  of  opening  into  a  condenser,  communicates 
with  the  outside  air  as  in  the  non-condensing  engine.,  the  steam 
is  obliged  to  move  the  piston  constantl}'  against  a  resistance 
arising  from  atmospheric  pressure  of  15  pounds  for  every  square 
inch  of  the  .surface  of  the  piston.  But  in  the  condensing  engine  no 
resistance  arises  from  atmospheric  pressure,  and  so  with  a  given 

»  The  terms,  low  pressure  aa^  hi^hprfmrore  enarlnee,  are  not  distinctive  as  appliei) 
to  CD^ncj  of  the  i)re8ent  day. 
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steam  pressure  in  the  boiler  the  effective  pressure  on  the  piston 
is  considerably  increased  ;  hence,  condensing  engines  arc  usually 
more  economical  in  their  working. 

§  150.  The  locomotive.  —  The  distinctive  feature  of  the  loco- 
motive eiiyiue  is  its  great  steaui-geiiei'atiug  capacity,  considering  it.s 
size  and  weight,  whicli  are  necessarily  limited.  To  do  the  worlc  ordi- 
narily required  of  it,  from  three  to  six  tons  of  water  must  be  converted 
into  steam  per  hour.  Tliis  is  accomplished  in  two  ways:  viz.,  first,  by 
a  rapid  combustion  of  fuel  (from  a  quarter  of  a  ton  to  a  ton  of  coal 
per  hour);  second,  by  bringing  the  water  in  contact  with  a  large 
extent  (about  800  sq.  ft.)  of  heated  surface.  The  fire  in  the  "  fire-box" 
A  (see  cut  on  the  oppo.site  page)  is  made  to  burn  briskly  by  means  of  a 
powerful  draft  which  is  created  in  the  following  manner:  The  exhaust 
steam,  after  it  has  done  its  work  in  the  cylinders  B,  is  conducted  by  the 
exhaust  pipe  C  to  the  smoke  box  D,  just  beneath  the  smoke  stack  E. 
The  steam  as  it  escapes  from  the  blast  pipe  F  pushes  the  air  above  it, 
and  drags  by  friction  the  air  around  it,  and  thus  produces  a  partial 
vacuum  in  the  smoke  box.  The  external  pressure  of  the  atmosphere 
then  forces  the  air  through  the  furnace  grate  and  hot-air  tubes  G,  and 
thus  causes  a  constant  tlraft.  The  large  extent  of  heated  surface  is 
secured  as  follows  :  The  water  of  the  boiler  is  brought  not  only  in  con- 
tact with  the  heated  surface  of  the  fire  box,  but  it  surrounds  the  pipes 
G  (a  boiler  usually  contains  about  150).  These  pipes  are  kept  hot  by 
the  heated  gases  and  smoke,  all  of  which  must  pass  through  them  to 
the  smoke  box  and  smoke  stack. 

Study  the  cut  carefully,  trace  the  course  of  the  steam  from  the  boiler 
H  through  the  throttle  valve  I  (under  the  control  of  the  engineer), 
steam  pipe  J,  etc.,  to  its  exit  from  the  smoke  stack.  Ask  some  engi- 
neer to  explain  from  the  object  the  offices  of  such  parts  as  you  do  not 
understand. 

The  steam  engine,  with  all  its  merits  and  with  all  the  improve- 
ments which  modern  mechanical  art  has  devised,  is  to-day  an 
exceedingly  wasteful  machine,  "^i'he  best  engine  that  has  been 
constructed  utilizes  only  tweut/  per  cent  of  the  beat-power 
used. 


CHAPTER  IV. 

ELECTRICITY  AND  MAGNETISM. 

Thkke  is  a  large  aud  important  class  of  phenomena  depending 
on  new  principles  that  we  have  now  to  study  ;  among  tliese  are 
lightning,  the  actions  of  telegraph-inslrnments,  the  electric  light, 
magnetic  attraction  and  repulsion,  etc.  We  shall  inquire  whether 
energy  is  involved  in  these  actions  as  in  all  those  we  have  so  far 
studied  ;  and,  if  so,  where  it  comes  from,  and  under  what  laws 
it  acts,  and  what  finally  becomes  of  it. 

If  we  chose  to  begin  with  experiments  easiest  to  perforin 
we  should  take  those  with  magnets,  and  some  of  those  to 
be  studied  under  the  head  of  Frictional  Electricity  ;  ])Ut  we 
should  find  it  ditticult  lo  see  clearly  how  the  subject  of  energy 
was  to  be  introduced.  So  let  us  take  first  some  experiments 
that  will  lead  us  more  easily  to  this  great  central  idea. 


XXVII.     CURRENT    ELECTRICITY. 

§151.     Introductory  experiments. —Experiment  1.    Take 
!i  strij)  of  slH'("t-c(););i('r  uiul  a  strip  of  slifi-t-zinc,  each  about  Ki'^'"  long 

„.    ,-„,  and    4^'"   wide;  carefnllv   weiijli  botli.     Take   also  a 

Fig. 120.  •  " 

rfjl  tumbler  two-tliinls  full  of  water,  antl  to  it  add  about 

m\  two  tablcsi)oonfuls  of  sulphuric  acid.     Place  tlic  zinc 

i^L^w\\i\  ~^^^    strip  in  the  liciuid.     AYhat  do  you  observe?     Leave 

|n~~^ _  WTJ^I     th<-' zinc  strip  in  the  liquid  for  a  few  minutes;  then 

pai8i»^-T^     remove,  dry.  and  wei.-ih  it.     What  do  yon  lind? 

\Wf        \\    I  E-xperiineut  2.     Thice  the  copper  strip  in  tlie  liquid 

\\|>__ M  //.     a  little  way  from  the  zinc,  but  nowhere  touching  it. 

V^fel^^^^      Watch  the  surface  of  the  copper.      Now  bring  the 

extremities  of  the  two  strips  tliat  project  from  the 

liquiil  hito  contact,   as  in  Fig.   120.     .\gain  wateli  the  surface  of  the 

cop|)er.     What    >\o  you  olwerve?     Leave   the  copper  and  zinc  in  this 
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position  for  some  time.     Take  botli  out,  diy  aucl  weigh  tlieiii.     What 
do  you  find? 

Experiments.  Withdraw  the  zinc  from  the  liquid,  and,  while  it  is 
yet  wet,  rub  a  little  mercury  over  its  surface,  so  that  it  may  become 
completely  wet  with  the  liquid  metal.  Now  repeat  the  above  experi- 
ments in  order. 

Experiment  4.  Instead  of  placing  the  metals  in  contact,  connect 
tliem  Ijy  means  of  a  wire  of  any  metal,  the  jjoints  of  contact  being 
clean.  Cut  the  connecting  wire  at  any  point,  or  separate  it  from  the 
zinc  or  copper. 

Experiment  5.  Interpose  Ijetween  the  connecting  wire  and  the 
plates,  or  between  the  cut  ends  of  the  wire,  a  piece  of  paper,  wood,  or 
rubber,  or  use  some  one  of  these,  instead  of  a  wire,  to  connect  the  two 
plates.  Describe  the  phenomena  resulting  from  cacli  experiment. 
Wliat  general  conclusions  do  you  draw  from  the  experiments? 


It  a[)i)ears  that  there  must  be  a.  conuection,  and  that,  too,  of 
a  particular  kind,  between  the  two  metal<,  in  order  that  action 
may  occur.  The  connecting  wire,  tlicn,  is  an  important  factor 
in  the  changes  that  occur,  and  it  seems  altogether  probable  that 
some  influence  is  exerted  by  the  metals  upon  one  another 
through  the  wire  ;  in  other  words,  that  something  unusual  is 
going  on  in  the  wire  when  so  used. 

Does  the  connecting  wire  possess  any  unusual  properties  dur- 
ing this  use? 


Experiment  6.  Take  an  ordinary  compass,  or  poise  a  magnetic 
needle  at  its  center,  either  by  a  pivot,  as  in  Figure  1?1,  or  by  a  fine, 
untwisted  silk  tlu'ead,  and  ari-ange  the  connecting  wires  as  in  the  figure. 
The  needle,  when  at  rest,  points  north  and  south.  The  connecting 
wire  ]>eing  over  the  needle,  and  parallel  with  it,  luring  the  two  ex- 
tremities <jf  tlie  wire  into  contact.  What  takes  place?  Separate  the 
two  extremities  of  the  wires ;  what  is  the  result? 
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Fi!,'.  121. 


Kxperimeiit  T.     l?riii.u:  tlu-  eiuls  of  the  wires   together,  as   before, 

iiitcrposiii;;  a  piece  of  paper  be- 
tween them.  Is  the  needle 
moved?  Does  this  result  cor- 
respond with  t'aat  of  Experi- 
ment 5?  What  do  the  two 
experiments  indicate? 


Experimeut  8.  Talce  a 
larsxc  iron  nail,  ar.d  plunge  one 
end  of  it  into  iron  lilings,  and 
then  remove  it.  Next,  wrap  a 
piece  of  paper  around  the  nail, 
leaving  tlie  ends  exposed,  and 
wind  ai'ound  it  20  or  more 
luiiis  of  copper  wire,  tailing  pains  that  tlie  coils  do  not  touch  each 
other.  Now  connect  the  wire  witli  tlie  zinc  and  copper  just  used,  so 
that  there  will  be  a  continuous  connection  from  one  strip  to  the  other 
through  the  coil,  and  dii)  one  end  of  the  nail  again  into  the  tilings; 
raise  the  nail.     AYhat  is  the  result? 


From  these  exiieriraenls,  and  others  which  will  be  performed 
hiter,  it  ai)|)ears  that  when  the  zinc  and  copper  are  thus  placed 
in  acid  and  connected  by  a  wire,  the  wire  exhibits  un- 
iisiml  properties.  The  cause  of  these  and  many  t)ther 
allied  pheuomena  is  called  electricity,  and  these  properties  in 
the  wire  are  attributed  to  the  passage  of  :ui  electric  current 
tlirou<rii  it. 


Ahnijst  from  the  dawn  of  the  science  of  electricity  there  ha\e 
lucu  many  who  have  believed  in  the  existence  of  an  '■  electric 
llnid  ;"  but  it  is  )iot  yet  claimed  that  there  is  any  positire  proof 
of  its  existence,  and  therefore  we  cannot  itffirvi  that  a  current 
passes  thr()n<j;h  the  wire.  Yet  the  theory  upon  which  these 
terms  are  liascd  is  at  least :i  convenient  one  113'  which  to  explain 
the  various  phenomena,  and  Ihc  terms  are  therefore  universally 
used. 


DIRiECTIOX   OF     THE   CURRENT. 
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§  152.  Sorao  definitions,  —  ExperimcntT  (not  easilj-  per- 
formed b}'  the  pupil)  sliow  that  the  current  traverses  the  liquid 
between  the  metallic  plates  in  the  batter}'  at  the  same  time  that 
it  traverses  the  connecting  wire,  so  that  the  current  makes  a 
complete  circuit.  The  terra  circuit  is  applied  to  the  entire  i)ath 
along  vt'hich  electricity  is  supposed  to  flow,  and  the  wire  along 
which  it  flows  is  called  the  conductor.  Bringing  the  two  extremi- 
ties of  the  wires  in  contact,  and  separating  them,  is  called,  tech- 
nically, making  and  breaking,  or  closing  and  opening,  the  circuit. 

Our  arrangement  of  acidulated  water  and  two  metals  is  called 
a  voltaic^  cell,  element,  or  pair.  A  series  of  cells,  properh'  con- 
nected, is  called  a  battery,  though  this  term  is  sometimes  applied 
to  a  single  cell. 

§  153.  Direction  of  the  current.  —  It  is  evidently  neces- 
sary, in  defining  a   cm'rent,   to  know  its  direction  ;  but  a'^  no 


Fig.  122. 


Fiir.  123. 


phenomena  known  serve  to  indicate  the  direction,  electricians 
have  universall}-  agreed  to  assume  that  in  such  a  cell  as  described 
the  electricity  flows /rom  the  copper  to  the  zinc  in  the  luire. 

Experiment  1.  Place  the  conductuig  wire  over  and  parallel  with  a 
magnetic  needle,  in  tlie  manner  represented  in  Fig.  122.  In  what 
direction  is  the  north  end  of  the  needle  deflected?  Turn  the  cell  half- 
way aromid  so  as  to  have  the  position  in  Fig.  123.  In  what  direction 
is  the  north  end  now  deflected  ? 


1  Voltaic,  from   Volta,  an  Italian,  who  devised  the  voltaic  pile,  which  is  the /Jrtrfni 
of  all  batteries. 
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§154.  Poles  or  electrodes. — The  copper  strip  is  fre- 
quently called  the  negative  plate,  and  the  zinc  strip  tlie  positive 
2)late,  and  the  end  of  any  conductor  connected  with  the  copper 
or  negative  plate  is  called  the  positive  pole,  or  electrode,  while 
the  end  connected  with  the  zinc  or  positive  plate  is  called  the 
negative  pole,  or  electrode.  Then,  b}-  our  assumption,  if  we  bring 
toirether  the  +  and  —  electrodes,  the  current  passes  from  the 
former  to  the  latter,  across  the  junction  ;  and  generally  that  plate 
and  that  electrode  is  +  from  which  the  current  goes,  and  that 
plate  and  that  electrode  is  —  1o  which  the  current  goes.  The 
current  flows  tvithin  the  cell,  from  the  zinc  to  the  copper. 

§  155.  Potential.  —  If  a  current  of  water  is  to  flow  from 
one  vessel  A  to  another  B  through  a  pipe,  we  know  that  there 
must  be  a  greater  pressure  at  the  end  of  the  pipe  next  A  than 
at  the  other  end ;  i.e.,  in  ordinary  language,  the  head  of  water 
in  A  is  higher  than  in  B,  So  in  the  study  of  ele.'^tricity  we  find 
two  bodies  in  different  conditions  such  that  a  current  of  elec- 
tricity flows  from  one  (A)  to  the  other  (B) ,  and  we  say  that  A  has 
a  higher  jwtential  than  B.  In  the  experiments  already  tried  the 
+electrode,  or  the  wire  connected  with  the  copper,  has  a  higher 
potential  (according  to  our  assumption  for  the  direction  of  the 
current)  than  the  —electrode  or  the  wu-e  connected  with  the 
zinc. 

It  is  not  necessar}-  that  we  know  the  hight  from  the  center  of 
the  earth,  or  above  the  level  of  the  sea,  of  a  reservoir,  and  the 
tank  it  is  to  fill ;  what  we  want  to  know  is  the  difference  in 
hight  between  the  two.  Just  so  it  is  difference  of  potential 
that  determines  the  direction  of  the  flow,  and  the  quantity  of 
electricity  that  is  to  floio  through  a  given  conductor  in  a  given 
time.  Sometimes  the  potential  of  a  body  is  expressed  as  so 
many  units  above  or  below  that  of  the  earth,  assumed  as 
zero. 

§  156.  Ampere's  rule  for  determining  deflection,  etc.  — 
If  the  magnetic  needle  is  placed  over  the  current,  its  deflectiou 
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is  the  revei'se  of  that  produced  when  placed  beneath  it.     This 
tends   to   confuse  ;   but  an   artifice,   proposed   by  Ampere,  will 
readil}'  enable  us  to  determine  the  deflection,  when  the  direction 
Fi-'  124.  ^^  ^^^  current  is  known,  and  to  deter- 

mine the  du-ection  of  the  current  when 
that  of  the  deflection  is  known.  lie 
suggests  that  we  imagine  ourselves  to  be 
swimming  in  the  current^  and  with  the 
current,  and  facing  the  needle;  in  which 
case  the  north  end  of  the  needle  will 
alwayfi  he  deflected  toivards  our  left. 
(The  pupil  should  test  this  rule  experi- 
mentall}'  in  various  wa^'S  and  many  times,  till  he  is  familiar  with 
its  application.) 

§  157.  Galvanoscope.  —  The  magnetic  needle  serves  the 
double  purpose  of  determining  both  the  presence  and  direction  of 
a  current  in  a  wire.  A  needle  used  for  these  purposes  is  called 
a  galvanoscope?  Electricity  set  in  motion  by  a  voltaic  battery 
is  called  galvanic  or  voltaic  and  sometimes  current  electricity. 

EXERCISES. 

1.  Let  the  current  be  above  the  needle,  and  go  from  N  to  S ;  what 
will  be  its  deflection? 

2.  Let  the  current  be  below  the  needle,  aud  go  from  S  to  N ;  what 
deflection  will  it  cause? 

3.  Let  tlie  needle  be  above  the  current ;  what  must  be  the  direction 
of  the  current  wheu  tlie  north  end  is  deflected  to  the  east? 

4.  Let  the  needle  be  below  the  current,  and  the  deflection  toward  tlie 
east;  what  is  the  direction  of  the  current? 

5.  "What  is  the  effect  when  the  current  is  at  the  side  of  the  needle? 

§  158.  How  electric  energy  originates.  —  If  you  take  the 
liquid  from  a  battery  after  considerable  zinc  has  disappeared  in  it, 
and  evaporate  it,  there  will  crystallize  out  of  it  a  white,  transparent 

1  Galvanoscope,  named  for  Qalvani,  one  of  the  early  discoverers  in  electricity. 
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soli.l  in  nee<Ue-like  crystals.  This  substance  is  a  compound 
i-fsultiug  from  chemical  action  between  zinc  and  sulphuric  acid, 
and  is  called  zinc  sulpha'.e.  Hydrogen  is  another  product  of  the 
action.  The  water  serves  as  a  solvent  of  the  zinc  sulphate. 
Tho  chemist  symbolizes  sulphuric  acid  thus  II^SO, ;  zinc,  Zn. 
He  describes  the  chang.;  that  occurs  by  saying  that  the  zinc  re- 
places the  hydrogen  IL  in  the  acid  ;  in  other  words,  the  hydr..gi-n 
is  set  free  from  the  combination,  while  the  SO4  part  of  the 
acid  unites  with  the  zinc,  and  forms  zinc  sulphate,  Zn  8O4.  But 
we  have  also  discovered  another  important  result  of  the  opera- 
tion ;  namely,  that  ekctricitij  is  devdop  d  by  the  chemical  action 
betii-cen  the  liquid  and  the  zinc. 

Is  the  electric  energy  created  out  of  nothing?  We  have 
already  become  familiar  with  the  fact  (§  lO.'j)  th:it  chemical 
potential  energy  in  ;i  lump  of  coal  m;iy  be  converted  into  kinetic 
energy.  Similarly,  we  might  burn  zinc  to  generate  heat.  Coal 
and  zinc,  then,  possess  a  tendency  to  enter  into  new  combina- 
tions ;  this  tendency  is  usually  called  chemical  energy  or  chem- 
ism.  It  exists  in  a  potential  condition,  until  it  is  aroused  from 
this  dornumt  state  l)y  l)ringing  together  suitable  substances. 
AVlicn  chemical  energy  becomes  kinetic  it  may  be  transformed 
into  mechanical  energy,  as  when  a  cannon-l)all  is  set  in  motion 
by  the  burning  of  gunpowder ;  or  it  uuiy  be  changed  into  heat, 
as  in  the  ordinary  burning  of  fuel ;  or  into  both  heat  and  electric 
energy,  as  in  the  burning  of  zinc  in  the  battery. 

$5 159.  Why  the  hydrogen  appears  at  the  copper  plate. 
—  When  chemical  action  takes  place  between  zinc  and  sulphuric 
acid  hydrogen  is  liberated,  and  ordinarily  rises  at  once  in 
l.ubl)les;  but  in  tiie  voltaic  cell  it  rises  from  the  copper,  yet  no 
luibbles  are  sch-u  to  move  through  the  liquid  lietween  the  plates. 
As  a  plausible  but  imperfect  explanation  of  these  phenomena 
the  well-known  hypothesis  of  Grotthuss  was  offered.  It  assumes 
what  chemists  believe,  that,  at  the  instant  that  the  atoms  of  a 
substance  are  liberated  from  a  cc^mpouiul  they  possess  unusual 
I'cadiness  to  enter  into  combin.itiou  with  otlier  atoiT]s, 
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Fig.  125. 


Let  the  circles  1,  2,  3,  etc.  (Pig.  125),  represent  a  series  of 
molecules  of  H2SO4  counecting  the  two  plates.  At  tlie  instant 
the  circuit  is  closed, 
the  8O4  of  molecule 
1  unites  with  nn  atom 
of  zinc,  setting  free 
its  two  atoms  of  hy- 
drogen 2  H .  These 
2H  instanth'  u  n  i  te 
witli  the  SO4  of  mole- 
cule 2,  forming  a  new 
molecule,  1',  of 
ir.SO^,  and  setting 
free  the  2H  of  mole- 
cule  2.       These    2H 

unite  with  the  SO4  of  molecule  3,  fowning  molecule  2'.  This 
decomposition  and  recoiii[)ositii)n  continues  till  the  2H  of  mole- 
cule 6  are  set  free.  These  211  unite  with  each  oiher  formino: 
H2  or  a  molecule  of  h^'drogen,  wh'ch  unites  with  other  mole- 
cules of  h^'drogcn,  and  finally  rises  in  a  bubblj  to  the  surface; 
so  the  molecule  of  hydrogen  that  escapes  is  not  composed 
of  the  same  atoms  of  hydrogen  that  were  first  set  free  at  the 
zinc  plate. 


§160.  Electro-chemical  series.  —  If  two  plates  of  zinc 
were  used  in  a  cell  instead  of  a  zinc  and  .1  copper,  there  would  be 
no  difference  of  potential  l»etween  tii-j  two  plates,  and  so  no 
current.  It  is,  therefore,  important  that  the  two  solids  should 
be  acted  upon  by  the  litpiid  in  different  degrees.  Tlie  greater 
the  disparity  hetuocen  the  two  solid  dements^  until  n^fereno'.  t  >  the 
actio  I.  of  the  liquid  anthem^  the  greater  the  difference  in  potential ; 
hence^  tltM  greater  the  cnrrent.  In  the  following  < le(.t ro-rhmiical 
s  ries  tlie  substances  are  so  arranged  that  tlie  most  electro-posi- 
tive, or  those  most  affected  by  dilute  sulphuric  acid,  are  at  the 
bccrinning.    while   those   most    electro-negative,   or    those  least 
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affected  by  the  acid,  are  at  the  end.     The  arrow  indicates  the 
direction  of  the  current  through  the  liquid. 

O  ^<  ^  O 

+  s=i       o       =       t       o      ^      ^       d 


It  will  be  seen  that  zinc  and  platinum  are  the  two  metals  liest 
adapted  to  give  a  strong  current. 

The  essential  parts  of  any  galvanic  cell  in  the  ordinary  form 
are  a  liquid  and  two  different  solids,  one  of  which  is  more 
readily  acted  upon  chemically  by  the  liquid  than  the  other. 
Determine  by  experiment  the  position  whit  h  the  mt't:il  mag- 
ne.siinn  sliould  occupy  if  included  in  the  above  series. 

§  161.  Importance  of  amalgamating  the  zinc.  —  All 
commercial  zinc  contains  impurities,  such  as  carbon,  iron,  etc. 
Figure  126  rei)resents  a  zinc  element  having  on  its  surface  a 
particle  of  iron  a,  purposely  magnified.  If  such  a 
plate  is  innnersed  in  dilute  sulphuric  acid,  the  par- 
ticles of  iron  with  the  zinc  will  form  numerous  voltaic 
circuits,  and  a  transfer  of  electricity  along  the  surface 
will  take  place.  This  coasting  trade,  as  it  were,  be- 
tween the  zmc  and  the  impurities  on  its  surface, 
diverts  so  much  from  the  regular  battery  current,  and 
thereby  weakens  it.  In  addition  to  this,  it  occasions 
a  great  waste  of  chemicals,  because,  when  the  regular 
circuit  is  broken,  this  local  action,  as  it  is  called,  still 
continues.  If  pure  ziue  were  available,  no  local  action  would 
occur  at  any  time,  and  there  would  be  no  consumption  of 
chemicals,  except  at  times  when  the  circuit  is  closed.  If 
mercury  is  rubbed  over  the  surface  of  the  zinc,  after  the  latter 
has  been  dipped  in  acid  to  clean  its  surface,  the  mercury  dis- 
solves a  portion  of  the  zmc,  forming  with  it  a  semi-liquid 
timalgiiMi  which  covers  up  its  impurities,  and  the  amalgamated 
ziuc  then  comports  itself  like  pure  zinc. 
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§  162.  Polarization  of  plates.  —  When  the  zinc  and  cop- 
per elements  are  first  placed  in  the  dilute  acid,  a  very  goed 
current  of  electricity  is  produced  ;  but  the  current  soon  becomes 
feeble.  The  cause  is  easily  discovered.  The  liberated  hydro- 
gen adheres  very  strongly  to  the  copper,  as  there  is  nothing  for 
it  to  unite  with  chemically  ;  and  therefore  the  plate  is  ver^'  soon 
visibly  covered  with  bubbles,  which  may  be  scraped  off  with  a 
feather  or  swab,  but  only  to  have  the  same  thing  repeated.  This 
coating  of  bubbles  impedeSj  to  a  considerable  extent,  the  flow 
of  electricity',  and  diminishes  the  current.  Besides,  a  plate 
coated  with  hydrogen  is  more  strongly  clectio-positive  t'.ian  usual, 
and  so,  as  the  coating  slowly  forms,  the  difference  of  potential 
between  the  two  plates  becomes  less  and  less  ;  the  cuiTcnt, 
therefore,  must  Ijecome  weaker  and  weaker  as  the  coating  thick- 
ens. This  action  is  usually  called  2wlariza- 
tion  ( f  the  plates.  Verj-  many  methods  have 
i.-^  been  devised  for  remedying  these  evils.  The}- 
are  all  included  in  two  classes :  mechanical 
and  chemical  methods. 

§  163.  Smee  battery.  —  The  Smee  bat- 
ter}^ (Fig-  1-")  is  an  example  of  the  former 
class.  A  silver  plate,  or  sometimes  a  lend 
plate,  is  coated  with  a  fine,  powdery  deposit 
of  platinum,  which  gives  the  surface  a  rough 
character,  so  that  the  hydrogen  will  not 
readily  adhere  to  it.  Dilute  sulphuric  acid  is  used  in  this  bat- 
tery. This  plate  is  suspended  between  two  zinc  plates,  but  not 
allowed  to  touch  them. 

A  very  effective  battery  may  be  constructed  by  arranging  that 
the  copper  plate  ma}'  revolve  in  the  liquid,  so  that  the  hydrogen 
may  be  removed  by  friction  between  the  plate  and  liquid.  But 
this  necessitates  a  constant   force  to  keep  the  plate  in  motion. 
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No  mt'chanical  method  can  wholly  prevent  tlie  collection  of 
hydrogen  on  the  electro-negative  plate.  This  can  only  be  com- 
pletely accomplished  by  furnishing  some  chemical  with  which  the 
hydrogen,  as  soon  as  liberated,  may  go  into  combination, 

§  164.  Grenet  battery.  —  In  the 
Grenetor  bottle  battery  the  hydrogen 
is  disposed  of  b}'  chemical  action. 
The  chemical  action  is  quite  complex, 
and  will  therefore  be  omitted.  The 
liquid  used  is  a  mixture  of  potassium 
bichromate  and  sulphuric  acid  dis- 
solved in  water.  The  zinc  plate  Z 
(Fig.  128)  is  suspended  between  two 
carbon  \)latcs,  C,  C.  The  carbons 
remain  in  the  liquid  all  the  time. 
(Carbon  is  now  largely  used  in  rf 
batteries  for  the  electro  -  negative  v 
1)1  ate.) 

This  battery  gives  a  very  energetic 
current  for  a  short  time,  but  the  liquid  soon  becomes  exhausted. 
It  is  a  very  convenient  battery,  as,  when  not  in  use,  we  have 
only  to  draw  the  zinc  out  of  the  liquid  by  the  brass  stem  a, 
and,  on  jjushing  the  zinc  back  into  the  liquid,  action  commences 
immediately.  It  is  well  to  allow  the  battery  to  "rest"  occa- 
sionally by  withdrawing  the  zinc  from  the  liquid  for  a  short  time. 
AVitli  one  (Irenet  cell  nearly  every  experiment  described  in  this 
book  can  be  i)erformed. 


>!  165.  Bunsen's  and  Grove's  batteries.  —  There  is, 
also,  besides  the  siiKjle-Jhiid  l)attenes,  a  large  number  of  tioo- 
Jliiid  ])atteries.  The  zinc  is  immersed  in  the  liquid  to  be  dc- 
coinposcil  by  it,  wliicli  most  frequently  is  dilute  sulplunic  acid, 
and  the  conducting  plate  is  surrounded  with  a  liquid  which  can 
be  decomposed  by  liydrogeu.     Tiic   two  li(|nii]s  are  usually  scp- 
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FifT.  129. 


arated  by  a  i:)orou3  partition  of  nngiazed  earthenware,  which 
l)revents  the  liquids  from  niingUng,  except  very  slowlj-,  but  does 
not  prevent  the  passage  of  113'drogen  or  electricity.  Bunsen's 
])atter3'  (Fig.  129)  has  a  bar  of  carbon  immersed  in  strong  nitric 
acid  contained  in  a  porous  cup.  This  cup  is  then  placed  in 
another  vessel  containing  the  dilute  sulphuric  acid ;  and  im- 
mersed in  the  same  liquid  is  a  hollow,  cylindrical  plate  of  zinc, 
which  nearly  surrounds  the  porous  cup.  The  hydrogen  trav- 
erses, by  decomposition  and  recomposition,  the  sulphuric  acid, 
passes  through  the  porous  partition,  and  immediately  enters  into 
chemical  action  with  the  nitric  acid,  so   that  none   reaches  the 

carbon.  Tliere    are    produced    by 

this  action,  water  —  which  in  time  di- 
lutes the  acid  —  and  orange-colored 
fumes  of  nitric  oxide,  which  rise  from 
tli-e  battciy.  Tliese  fumes  are  very 
offensive,  corrosive,  and  [)oisonous. 
If  the  nitric  acid  is  first  saturated 
with  nitrate  of  ammonium,  the  acid 
will  last  longer  without  dilution,  and 
the  fumes  are  almost  entirely  pre- 
vented. Strong  sulphuric  acid  will 
not  answer  in  any  battery.  Usually, 
to  one  part  of  sulphuric  acid  about  1 2 
l)arts  by  weight  or  20  by  volume  of  water  are  added  to  dissolve 
the  sulphate  of  zinc  formed,  zinc  sulphate  not  being  dissolved 
by  strong  sulphuric  acid. 

Grove  used  a  strip  of  platinum  instead  of  the  carbon  rod  in 
his  battery.  When  carbon  is  used  for  the  negative  plate,  a  so- 
lution of  bichromate  of  potassium  is  frequently'  substituted  for 
nitric  acid,  and  thereby  the  disagreeable  fumcs'  are  avoided. 
Bunsen's  and  Grove's  batteries  are  unequalled  for  powerful 
and  constant  currents,  and  are  the  best  for  ordinar}'  lecture- 
room  experiments ;  but  they  require  frequent  attention,  and 
are  expensi\'e,  so  that  they  are  little  used  for  work  of  long 
duration. 
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Fig.  130. 


§  166.  Gravity  battery.  —  The  battery  principally-  used  in 
this  country  for  telegraphing  is  called  the  gravity  battery.  A 
copper  plate  C,  Figure  130,  is 
placed  on  the  bottom  of  a  vessel 
and  covered  with  crystals  of  cop- 
per sulphate  (blue  vitriol),  and 
the  whole  covered  with  water. 
As  the  vitriol  dissolves,  its  spe- 
cific gravity  causes  it  to  remain 
at  the  bottom,  in  contact  with  the 
copper  plate.  The  zinc  plate  Z 
is  suspended  in  the  clear  liquid 
above.  To  start  the  action  quickly, 
a  teaspoouful  of  common  salt  or 
of  zinc  sulphate  is  dissolved  in  the 
water.  As  the  chemical  action 
proceeds,  the  vitriol  is  decom- 
posed, its  sulphuric  acid  constitu- 
ent unites  with  the  zinc,  forming  soluble  zinc  sulphate,  and  the 
copper  constituent  is  deposited  in  a  metallic  state  on  the  copper 
plate.     The  zinc  does  not  require  amalgamation. 


XXIX.     EFFECTS   PRODUCED    BY    ELECTRICITY 

§167.  Heating"  effect.  —  Experiment  1.  Introduce  between 
the  electrodes  of  a  Bunsen  or  Grenet  cell  a  piece  of  platiuum  w  ire  A, 
Fiiriu-c    l.il,    al)<)ut   (;<='"   lung  and  in  si/e  about  No.  30.     Wliat  is  the 

ll'slllt? 

I':x|)ei-iineiit  2.  Stretch  the  platinuin  wire  over  a  g:is-bnnicr,  tuiu 
nil  ilic  -r;is;  what  takes  place? 

Kxperiiiieiit  3.  Strew  lycopodium  powder  over  a  tuft  of  cotton- 
wool iiiid  iuuite  it  Willi  the  lieated  Avirc. 

IO.\l>eriiiieiit  I.  Connect  the  battery-wires  (Fi.ii'.  i;51)  wit li  a  gal- 
vanometer (§  i;:.)  G,  a!s  in  the  figure;  the  needle  is  deflected.  Remove 
tile  platimun  wire,  and  close  the  circuit  :  llie  needle  is  deflected  more 
llian  iM'lore.     Wiiy? 

NNliat  transfoiiiiations  of  energy  took  place  in  the  above 
t'.xperiinents,' 
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§  168.   Luminous  effect. 

Fig.  131. 


"We  have  already  seen  one  illus- 
tration of  this  effect 
iu  the  glowing  of  the 
white-liot  platinum 
wire. 

Experiment.  Attach 
one  pole  of  the  battery 
to  a  file  (Fig.  132),  and 
pass  the  other  pole  over 
its  rougli  surface.  The 
file  forms  part  of  the 
circuit ;  and  as  tlie  wire 
passes  over  it,  the  cir- 
cuit is  rapidly  made  and 
broken,  and  each  break 

causes  a  spark  at  the  point  where  the  circuit  is  broken.     Tlie  shower 

of  sparks  that  flies  from  the  file  is  due  to  red-hot 

„.     ,„„  particles  of   iron   that 

Fiff.  132.  '^ 

are  projected  into  the 
air. 

§  169.   Chemical 

effect.  —  Ex  peri- 

ment   1.      Steep    some 

leaves  of  purple  cab- 
bage; the  infusion  has  a  deep  purple  color.  Dis- 
solve a  little  caustic  soda,  and  pour  a  few  drops 
of  the  solution  into  a  portion  of  tlie  infusion,  and  the  purple  will  be 
changed  to  a  green.  Caustic  soda  is  an  alkali,  and  cabbage  infusion  is 
turned  green  only  by  alkalies.  Pour  a  few  drops  of  dilute  sulphuric  acid 
into  another  portion  of  the  infusion,  and  the  purple  will  be  changed  to  a 
red.  Only  acids  turn  purple  cabbage  infusions  red.  Now  prepare  a  con- 
centrated solution  of  sodium  s(dphate.  Color  the  solution  with  a  por- 
tion of  the  purple  cal)bage  infusion,  and  partly  fill  a  V-shaped  glass  tube 
(Fig.  133)  with  this  liquid.  Employ  a  battery  of  two  Grove  or  Grenet 
cells  connected  in  series.  (§183.)  Attach  to  the  poles  of  tlie  bat- 
ter3'-wires  two  narrow  strips  of  platiuum,  and  place  one  of  these 
strips  in  each  branch  of  the  tube,  a  little  way  apart,  so  that  the  current 
will  be  obliged  to  traverse  a  part  of  the  liquid.  Close  the  circuit; 
bubbles  of  gas  are  immediately  disengaged  froiR  the  platinum  strips; 
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soon  the  liquid  around  the  -pole  is  turned  green,  while  that  around 
the  +pole  is  turned  red.  Evidently  decomposition  of  the  sodimii 
sulphate  has  tukeu  place ;  au  acid  and  an  alkali  are  the  results. 

The  current  lohich  is  maintained  hy  chemical  action  in  the  bat- 
tery is  capable  of  doing  chemical  ivorh  outside  the  battery.  .A 
substance  that  may  be  decomposed  by  electricity  is  called  an 
electrolyte,  and  the  process  electrolysis}  The  electrolyte  must  be 
a  compound  substance,  aiid  in  a  liquid  state,  either  by  solution 
or  fusion.  A  large  number  of  substances  are  composed,  like 
sodium  sulphate,  of  au  acid,  and  either  an  alkali  or  some  other 
substance  tliat  will  neutralize  an  acid.  An}'  substance  that  will 
neutralize  an  acid  is  called  a  base,  and  a  compound  of  an  acid 
and  a  base  is  called  a  salt.  When  a  salt  is  electrolyzed,  the 
base  always  appears  at  the  — pole,  and  the  acid  at  the  -\-pole. 

Experiment  2.  Prepare  a  solution  of  the  salt  copper  sulphate,  and 
subject  it  to  electrol)'sis,  as  in  the  last  experiment;  copper  collects  on 
the  — platinum.  What  collects  at  the  -J-pl^tinum?  Now,  connect  the 
platinum  on  which  copper  has  been  deposited  with  the  -f-">vire,  and  the 
other  platinum  strip  with  the  — wire,  and  again  place  them  in  the  solu- 
tion for  a  few  minutes;  what  is  the  result?  What  would  be  the  result 
if  you  were  to  use  a  ccjpper  strip  for  the  -+-pole?     Try  it. 

The  chemical  symbol  for  copper  sulphate  is  CUSO4.  B3' 
elec'rolysis  it  is  separated  into  Cu  and  SO4.  When  a  copper 
-f-pole  is  used,  the  8O4  innnediately  unites  with  an  atom  of 
the  copper  (Cu)  of  this  pole,  and  forms  a  new  molecule  of  cop- 
per sulphate  (CuS04),  which  is  dissolved  by  the  water.  This 
accounts  for  the  wasting  away  of  the  +pole.  The  .solution 
does  not  lose  its  strcngtli,  for  as  fast  us  a  molecule  oi  copper 
sul[)hate  is  decompo.sed.  another  is  formed.  But  when  platinum 
poles  are  used,  the  SO4  does  not  combine  with  the  platini;m,  but 
enters  into  cliemical  action  with  the  water.  The  8O4  combines 
with  tlie  hydrogen  of  the  water,  forming  sulphuric  acid,  and  the 
oxygen  of  the  water  is  set  free.      (80^  +  PLO  =  11,804  +  O.) 

'  £lectruly6id,  a  loosening  hy  electricUi/, 
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Fig.  134. 


The  liberation  of  the  oxygen  is  the  result  of  a  secondary  chemi- 
cal action,  subsequent  to  the  electrolytic  action. 

Experiment  3.  Prepare  a  solution  of  tin  cliloi'ide,  by  dissolving 
scraps  of  granulated  tin  in  hot  hydrochloric  acid.  Add  a  little  water. 
Electrolyze  this  salt  in  solution,  using  platinum  poles.  A  beautiful 
growth  of  tin  crystals  will  shoot  out  from  the  —pole  and  spread 
towards  the  +  pole,  bearing  a  strong  resemblance  to  vegetaljle  groAvth ; 
iience  it  is  called  the  "  tin  tree." 

In  a  similar  manner,  silver  and  lead  trees  may  be  prepared 

from  tlieir  salts,  silver  nitrate  and 
lead  acetate.  PZach  metal  has  its 
own  peculiar  form  of  growth  ;  and 
sometimes  the  same  metal,  jxir- 
ticularh'  silver,  exhibits  different 
forms,  according  to  the  strength 
of  the  solution  and  the  power  of 
the  curient.  In  Figure  134,  A 
represents  a  silver  tree  deposited 
from  a  weak  solution  of  silver 
nitrate,  and  B  a  tree  formed  from 
a  still  weaker  solution  of  the 
same. 

Experiment  4.  Kemove  the  bot- 
tom of  a  glass  bottle  having  a  wiile 
moutli,  fit  a  cork  tt)  the  mouth,  and 
pass  two  wires,  insulated  with  some 
waterproof  substance  such  as  gutta-percha,  through  the  cork,  termi- 
nating in  platinum  strips  (Fig.  13.5).  Fill  two  test-tubes  and  part  of 
the  inverted  bottle  with  dilute  sulphuric  acid,  and  invert  the  tubes  over 
the  platinum  poles.  Place  this  in  the  ci.-cuit  of  a  battery.  Bubbles 
of  gas  immediately  arise  from  the  poles  and  displace  the  liquid 
in  the  tubes.  About  twice  as  much  gas  collects  over' the  — pole 
as  over  the  -f-pole.  Thrust  a  lighted  splinter  into  each  of  the  gases ; 
the  former  burns ;  the  latter  causes  the  splinter  to  burn  much  more 
rapidly  than  it  burned  in  the  air.  This  indicates  tliat  the  former  is 
hydrogen  gas  and  the  latter  oxygen  gas.  Three  or  four  cells  ought  to 
be  used  in  making  this  experiment. 
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Fig.  135 . 


Since  pure  water  is  an  almost  perfect  non-conductor  of  elec- 
tricit}'  (§  178),  tbe  probable  explanation  of  this  action  is  very 
closely  like  that  already  given  (§  158)  for  the 
action  in  the  simple  cell.  The  sulphuric  acid  is 
decomposed  ;  H2SO4  becomes  H2-i-'S04 ;  then 
S04-|-IL,0  becomes  Il2S04-f-0.  It  is  certain 
that  water  is  ultimately  decomposed,  for  no 
sulphuric  acid  is  lost.  This  electrolysis  shows 
tliat  water  is  composed  of  two  [)arts  by  volume 
of  hydrogen  to  one  part  of  oxygen.  Wh}' 
ought  not  co[)per  poles  to  be  used  in  this  exper- 
iment? Make  the  experiment  using  copper 
poles.     What  is  the  result? 

When  the  poles  of  a  stioug  battery  are  applied 
for  some  time  to  a  person's  skin  Vjlisters  appear 
under  t!ie  poles.       The  serous  fluid  that  conies  from   the  ves- 
icles under  the  positive  pole  is  acid;   the   fluid  in  the   vesicles 
under  the  negative  pole  is  alkaline. 

§  170.  Physiological  effect. —  Experiment.  Place  the  tip 
of  tlie  toujrue  between  the  two  poles  of  a  single  cell,  so  that  the 
toiiiiiie  may  form  part  of  the  circuit; 
a  stinginii;  sensation  is  felt,  accom- 
panied by  a  peculiar  acrid  taste. 


Fig.  136. 


When  a  ])atterv  is  known  not 
to  be  very  powerful,  the  tongue 
serves  as  a  very  convenient  gal- 
vanoscope,  to  determine  whether 
the  circuit  is  in  working  condition, 
and  npproximately  the  strength  of 
tiie  current.  If  tiie  crural  nerve 
(a  white  cord  next  the  backbone) 
of  a  frog,  recently  killed,  is  laid 
bare,  and  one  of  the  poles  of  a  batteiy  is  applied  to  it,  on  touch- 
ing a  nake(l  muscle  of  a  leg  with  the  other  pole,  the  muscles  are 
instantly  couvulseU  and  the  leg  drawn  up,  as  rei)resented  by  the 
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(totted  linos  in  Figure  13G.  The  same  convulsion  occurs  at  the 
instant  tlie  circuit  is  broken.  By  touching  the  nerve  with  a 
piece  of  zinc,  and  the  muscle  witli  a  copper  wire,  as  represented 
in  Figure  13G,  similar  convulsions  occur,  on  bringing  the  free 
ends  of  the  metals  in  contact,  and  on  their  separation.  The 
cause  is  obvious  ;  for  the  two  metals  and  the  moisture  of  the 
flesli  furnisli  all  the  essentials  of  a  voltaic  element. 

The  irritability- of  nerves  and  muscles  begins  to  diminish  after 
death,  and  sooner  or  later  disappears.  It  disappears  much 
sooner  in  warm  than  in  cold-blooded  animals.  In  the  limb  of 
a  frog  that  is  properly  protected,  and  kept  at  a  cool  temperature, 
it  may  remain  for  two,  three,  or  even  four  weeks.  If  one  pole 
is  armed  with  a  soft  sponge,  wet  with  salt  water,  and  pressed 
firmly  0:1  the  closed  eyelid,  while  the  other  is  applied  at  the 
back  of  llie  neck,  or  held  in  the  hand,  making  and  breaking  tlie 
circuit  will  cause  a  sensation  of  light  of  various  colors. 


Fig. 137. 


§  171.  Magnetic  effect. —Experiment.  Obtain  an  insulated' 
copper  wire,  wind  twenty  or  more  turns  around  a  rod  of  well-annealed 
iron,  10<='"  long  and  about  1'='"  in  diameter,  and  close 
the  circuit.  Bring  a  nail  (Fig.  lo7),  or  other  piece 
of  iron,  near  the  rod.  What  is  the  efl'ect?  Break 
the  circuit;  what  takes  place?  Compare  the  result 
of  this  experiment  with  that  of  experiment  8,  §  151. 
Why  was  the  nail  wrapped  in  a  piece  of  paper  in  that 
experiment?  Why  is  the  iron  rod  in  this  case  not 
\vrapped  in  paper?  If  this  rod  were  wrapped  in 
paper,  would  it  make  any  difference? 

The  more  times  the  wire  is  wound  around 
the  rod,  within  a  certain  limit,  the  more  power- 
fully is  it  magnetized.  This  arrangement  is 
called  an  electro-magnet,  because  it  is  a  mag- 
net produced  by  electricity.  The  rod  of  iron 
is  called  its  core,  and  the  coil  of  wire  the  Ik-Ux. 


1  Insulated,  covered  with,  cotton  or  xilk,  to  prevent  electricity  from  passing  from 
one  section  of  wire  to  another  next  it,  without  passing  through  the  whole  length  of  the 
wire. 
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In  order  to  take  advantage  of  the  attraction  of  both  ends  or 
poles  of  the  magnet,  the  rod  is  most  frequently  bent  in  a  U-shape 
(A,  Fig.  138),  and  then  it  is 
called  a  horse-shoe  magnet. 
Sometimes  two  iron  rods  are 
used,  connected  by  a  rectan- 
gular piece  of  iron,  as  a,  in 
B  of  Figure  138.  The  method 
of  windino-  is  such  that  if  the  iron  core  of  the  horse-shoe  were 
straightened,  or  the  two  spools  were  placed  together,  end  to 
end,  one  would  appear  as  a  continuation  of  the  other.  A 
piece  of  soft  iron,  h,  placed  across  the  ends,  and  attracted  by 
them,  is  called  an  armature.  The  piece  of  iron  a  is  called  a 
hack  armature. 


XXX.     ELECTRICAL    MEASUREMENTS. 

The  wonderful  developments  of  electrical  science  in  recent 
years  are  rJmost  wholly  due  to  a  better  understanding  of  what 
electrical  measurements  can  and  ought  to  be  made,  and  how  to 
make  thom.  Most  of  this  increased  knowledge  has  l)een  gained 
since  the  first  Atlantic  cable  failed  in  1858.  Let  us  learn  how 
to  make  some  of  them. 

§  172.  Strength  of  current.  —  It  is  evident  that  the  ther- 
mal and  luminous  effects  of  electrical  discharges,  electro-chemi- 
cal decomposition,  the  deflection  of  the  magnetic  needle,  the 
magnetization  of  iron,  and  even  physiological  effects,  or  any 
external  manifestation,  may  be  employed  to  detect  the  presence 
of  an  electric  current,  in  a  circuit  however  extended  Since 
the  magnitude  of  any  effect  varies  :is  its  cnuse,  it  is  also 
obvious  tliat  the  magnitude  of  these  effects  may  serve  to  measure 
the  strength  rf  the  current.  Now,  ivr,  the  quantity  of  water  that 
passes  through  a  given  pipe  in  a  minute  or  an  hour  indicates 
the  strength  of  tin'  current,  so  hn  (he  strength  of  an  electric  cur- 
rent IS  meant  the  (juantiti/  of  electricity  that  jjasses  through  an 
electrical  conductor  in  a  unit  of  time. 


GALVANOMETER. 
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§  173.  Voltameter.  —  The  quantity  of  electricity  that  passes 
any  cross  section  of  any  conductor  in  the  same  circuit,  however 
long,  is,  unless  there  is  a  leakage  at  some  point,  necessarily  the 
same.  We  may,  therefore,  introduce  a  platinum  wire  into  an}' 
part  of  the  circuit,  and  measure  the  strength  of  a  current  b}-  the 
temperature  to  which  the  wire  is  raised ;  or  we  may  decompose 
water  and  collect  the  gases  resulting  therefrom  ;  the  strength  of 
current  is  measured  by  the  quantity  of  gas  liberated  in  a  unit 
of  time.  The  latter  arrangement,  called  a  voltameter^  is  easily 
Fig.  139.  constructed  sufficiently  accurate  for  many  pur- 

poses, and  should  be  constructed  and  used  by 
I  a  every  pupil. 

In  Figure  139,  «  is  a  glass  tube  50<^™  long  and  S'^™  in 
diameter  (a  much  shorter  tube  will  answer;  for  ex- 
ample, a  large  sized  test-tube),  closed  at  one  end, 
and  graduated  in  cubic  centimeters  (this  may  be 
done  by  means  of  a  paper  scale  pasted  on  one  side 
of  the  tube)  ;  6  is  a  bottomless  glass  bottle  of  about 
1  liter  capacity.  Through  the  stopper  of  the  bottle 
pass  two  wnes,  insulated  with  gutta-percha  or  seal- 
ing wax,  terminating  in  platinum  strips,  which  are 
introduced  a  little  way  into  the  tube.  The  tube  is 
lilled  with  water  slightly  acidulated  A\ith  sulphuric 
acid,  and  its  orifice  is  immersed  in  the  same  kind 
of  Uquid,  which  partly  fills  the  bottle.  ^Yhen  the 
wires  are  connected  with  a  battery  of  two  or  more 
cells  in  series  (§  183),  the  gases  arising  from  the  decomposition.of  the 
water  will  collect  in  tlie  top  of  the  tube  and  displace  the  liquid. 


§  174.  Galvanometer.  —  The  instrument  in  most  common 
use  for  measuring  current  strength  is  tlie  magnetic  needle,  which, 
besides  its  ordinary  use  as  a  galvanoscojie,  performs  the  still 
more  important  office  of  a  galvanometer.  The  simple  magnetic 
needle,  used  as  already  described,  answers  tolerably  well  when 
the  currents  are  strong,  but  it  is  not  sensitive  enough  to  be 
sensibly  moved  hy  very  weak  currents.  If  two  equal  currents, 
flowing  in  the  same  du*ection,  are  placed  one  above  and  the 
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other  below  a  magnetic  needle,  they  tend  to  produce  opposite  de- 
flections, and  to  neutralize  one  another's  effect,  so  that  no  deflec- 
tion occurs.  Evidently,  if  the}'  flow  in  opposite  directions,  they 
tend  to  produce  a  deflection  in  the  same  direction,  and  the  result 
is  a  deflection  twice  as  great  as  that  produced  by  a  single  cur- 
rent. The  same  result  is  accomplished  if  the  same  curi'ent  is 
made  to  pass  both  above  and  below  a  needle,  as  in  A,  Figure 
140.     If  the  wire  were  carried  four  times  around  the  needle,  as 

Fig.  140. 


in  B,  the  influence  of  the  current  on  the  needle  would  be  about 
four  times  that  of  a  single  turn.  Very  sensitive  galvanometers, 
constructed  on  this  principle,  often  with  thousands  of  turns 
of  wire,  are  sometimes  called  long-coil  galvanometers,  in  dis- 
tinction from  those  having  few  turns,  which  are  called  short-coil 
galvanometers. 

§  175.  Tangent  galvanometer.  —  The  arrangement  dc- 
scril)ed  above  is  more  commonly  used  as  a  galvanoscope  than  a 
galvanometer,  though  it  may  be  so  calibrated  as  to  answer  the 
latter  purpose.  The  law  connecting  the  current  strength  with 
the  deflection  of  the  needle  of  this  galvanometer  is  not  known  ; 
hut  ill  another  form,  called  the  tangent  galvanometer,  the  rela- 
tion is  expressed  in  a  simple  tangent  of  the  angle  of  deflection. 
This  apparatus  is  constru(;tcd  on  the  principle  that  the  strength 
of  currents  are  2>>'<^]>ortional  to  the  tangents  of  the  angles  cf 
(h' flection,  when  the  needle  is  ver}'  short  in  comparison  with  the 
di;imeter  of  a  circle  described  by  a  current  circulating  around 
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A  magnetic  needle,  about  2.5'='"  long,  is  suspended  freely  by  an  un- 
twisted thread  n,  Figure  141,  in  the  center  of  a  copper  hoop  a,  about 
30<""  in  diameter,  which  terminates  in  the  wires  ww' ;  and  these  are  con- 
nected with  the  battery  whose  current  is  to  be  measured.  A  circular 
card-board  cc,  containing  a  circle  divided  to  degrees  to  indicate  the 
extent  of  deflection,  is  placed  beneath  the  needle.  The  ring  being 
placed  so  that  it  is  parallel  with  the  needle,  the  needle  points  to  0°  on 
the  scale.  When  a  current  passes  through  the  ring  a,  the  needle  is 
deflected.     The  tangents  of  the  angles  of  deflection  may  be  found  by 

Tig.  141. 


reference  to  a  Table  of  Natural  Tangents  in  Section  D  of  the  Appendix, 
and  the  relative  strengths  of  currents  may  be  determined  by  the  law 
given  above.  A  tangent-galvanometer  is  indispensable  to  the  student 
of  electricitjs  and  one  may  be  made  by  any  one  having  only  ordinary 
mechanical  ability. 

§  176.  Experiments  in  measurements.  — ■  Inasmuch  as 
the  magnitude  of  the  effects  that  can  be  produced  by  an  elec- 
tric current,  or  the  amount  of  work  that  can  be  done  by  it, 
depends  upon  the  strength  of  the  current,  it  is  of  the  utmost 
importance  to  understand  the  principles  by  which  it  is  regu- 
hited.  A  few  experiments  will  make  this  apparent.  Provide 
four  coils  or  spools  of  insulated  wire.  Mark  the  coils  A,  B,  C, 
and  D.     Let  A  contain  100  ft.  (about  1  lb.)  of  No.  16  copper 
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wire  ;  B  and  C  respectively  80  ft.  nnd  40  ft.  of  No.  24  copper 
wire  ;  and  D  40  ft.  of  No.  24  German  silver  wire. 

Experiment  1.  Place  a  galvanometer,  G,  and  a  coil,  A,  in  the  same 
voltaic  circuit,  connected  as  shown  in  Fig.  142.  Note  the  number 
of  degrees  the  needle  is  deflected.  Next  substitute  coil  B  for  A,  and 
note  the  deflection. 

Fii;.  142. 


Experiment  2.  Place  coil  C  in  t'he  circnit  ^\ith  B,  and  compare  the 
deflection  with  that  produced  when  B  alone  was  in  tlie  circuit.  Take  B 
out  and  leave  C  in  the  circnit. 

Experiment  3.  Introduce  D  in  the  place  of  C,  and  compare  tlie 
strengths  of  tlie  currents  in  these  two  wires. 

Experiment  4.  Compare  the  currents  furnished  b}^  a  Grove  or  Bun- 
sen,  and  a  Sniee  or  a  gravity  cell,  when  the  same  coil  is  in  the  circuit. 

Set  down  the  tangent  (Appendix  1).)  of  tlie  angle  of  deflection  in 
each  case  in  the  above  experiments.  Tliese  numbers  are  proportional  to 
the  strengths  of  the  cun-ents  in  the  several  cases.  What  conclusion  do 
you  draw  from  tlic  first  experiment?  From  the  second?  The  third? 
The  fourtli? 

§  177.  On  what  strength  of  current  depends.  —  It 
appears  that  the  strength  of  the  cnrrent  varies  not  only  with  the 
.stze,  length,  and  kind  of  conductor,  but  also  with  the  kind  of 
bntteri/  used.  These  will  be  considered  consecutively.  It  is 
evident  that  all  conductors  do  not  allow  the  current  to  pass 
with  lujual  facility  ;  iu  other  words,  some  conductors  otfer  more 
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resistance  to  the  passage  of  a  current  than  others.  The  larger 
conductor  offers  less  resistance  than  the  smaller.  It  is  found 
by  experiment  that  (1)  the  stremjili  of  currents  varies  directhj  as 
the  ai'eas  of  the  cro>iS-sectio)is  of  the  conductors,  or  the  squares  of 
the  diameters  of  cjliudriod  conductors,  inasmuch  as  areas  vary 
as  the  squares  of  their  diameters.  (2)  It  varies  inversdy  as  t!ir 
length  of  the  conductor,  i.e..  if  a  wire  one  mile  long  offers  a  cer- 
tain amount  of  resistance,  a  wire  two  miles  long  will  offer  twice- 
as  much  resistance.  (3)  It  varies  inversely  as  the  specific  resist- 
ances of  the  substances  it-ied  for  conductors.  The  measure  of  the 
conducting  power  of  a  substance  is  the  reciprocal  of  the  meas- 
ure of  its  resistance. 

Resistance  is  expressed  in  units  called  ohuis^  (see  §  181). 
The  student  can  ea>.ily  provide  himself  with  a  standard  having 
approximately  a  resistance  of  one  ohm,  by  obtaining  40  feet  of 
No.  24  ordinary  copper  wire  0.5"""  in  diameter.  The  student 
will  now  be  able  to  see  that  the  strength  of  the  current  in  a 
circuit  is  less  when  a  galvanometer  is  in  it  than  when  it  is  not 
in,  unless  the  resistance  of  the  galvanometer  is  very  small, 
compared  with  that  of  the  rest  of  the  circuit.  The  resistance 
of  the  tangent-galvanometer  of  §  175  is  almost  nothing,  while 
that  of   the  voltameter  of  §  173  is  very  considerable. 


§  178.    ^Formula  for  Resistance.  —  Having  found  that  re- 

tiistauce  varies  directl;/  as  the  length  and  inverseh/  as  the  square 
of  the  diameter  of  a  conductor,  we  may  include  all  its  laws  in  the 
formula  ; 

R=  K-^ ; 

in  which  R  =  the  measure  of  the  resistance,  I  =  the  measure 
of  the  length,  and  d  the  measure  of  the  diameter  of  a 
cylindrical  conductor.  K  is  a  constant,  such  that  when  the 
material  of  the  wire  is  known  and  the  denomination  in  whicli 
I  and  d  are  expressed,  a  value  of  K  taken  from  a  table  may  be 

1  Ohm,  from  the  name  of  a  German  savant,  Dr.  O.  8.  Ohm,  who  first  enunciated 
the  laws  which  determine  the  strength  of  currents. 
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substituted  in  the  equation,  and  thus  enable  us  to  find  the  value 
of  R  iu  ohms.  Thus  let  it  be  required  to  find  R  of  1000  ft.  of 
copper  wire  0.1  inch  in  diameter.  The  table  gives  the  value  of 
K  as  9.72  when  the  length  of  the  wire  is  measured  iu  feet,  and 
its  diameter  in  thousandths  of  an  inch  ;  since  0.1  inch  equals  100 

thousandths,  R  =  9.72  x r  =  0.972  ohm. 

100- 

In  the  following  table  are  giveu  the  relative  resistances  of 
several  substances,  and  the  values  of  K  in  the  above  equation 
when  I  is  expressed  in  feet  and  d  in  thousandths  of  an  inch. 

REFERENCE   TABLE   OF  RELATIVE    RESISTANCES,  ETC. 

Rel.  Re  si 

Silver (^  0°C 1.00 

Copper "        

Ziuc "        

Platinum "        

Iron "        

German  silver "        

Mercury "        

Rel.  Resist. 

Nitric  acid  —  conmiercial r-V  15to28C 1,100,000 

Sulphuric  acid,  1  to  12  parts  water    "     2,000,000 

Common  salt  —  saturated  sol.  "    3,200,000 

Sulphate  copper  "  "     18,000,000 

Distilled  water not  less  than  10.000,000,000 

Glass (rt ,  200°  C 15,000,000,000,000 

Gutta  percha Or,     0°  C.  . .  .5,000,000,000,000,000,000,000 

The  resistance  of  metals  increases  slowly  as  the  temperature 
rises  ;  but  that  of  liquids  and  the  other  poor  conductors  in  the 
second  list  decreases  very  rapidly  with  a  rise  in  temperature. 
TIic  resistance  of  ordinary  impure  metals  is  often  much  higher 
than  that  given  iu  the  table. 

§  179.  Formiila  for  internal  resistance.  —  Resistance  in 
a  voltaic  circuit  may  be  divided,  for  convenience,  into  two  parts  ; 
viz.,  internal  resistance  (r),  which  the  current  eucouuters  in 


jI.  Resist. 

K. 

1.00    ... 

9.15 

1.06      .  . 

9.72 

3.74    ... 

.  .•   34.2 

6.02    ... 

55.1 

6.4G    ... 

. .     59.1 

13.91    ... 

. .    127.3 

63.24   ... 

. .   578.6 
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passing  through  the  liquid  between  the  two  plates  in  the  cell, 
and  external  resistance  (R),  which  it  suffers  in  the  reujainder  of 
its  path.  The  internal  resistance  is  governed  liy  the  same  laws 
as  the  external  resistance.     In  this  case 

nieasnre  of  distance  of  tlie  plates  apart  (/) 


r=K 


measure  of  areas  of  the  pi  itcs  submerged  (cZ'j 


QUESTIONS    AND   PROBLEMS. 

1.  What  length  of  copper  wire  will  have  the  same  resistance  as  a 
mile  of  iron  wire  of  the  same  diameter? 

2.  How  can  you  reduce  the  resistance  of  an  iron  wire  to  that  of  a 
copper  wire  of  the  same  length? 

3.  Al)out  how  ranch  is  tlie  conductivity  of  water  affected  by  adding 
a  little  sulphuric  acid? 

4.  How  man}-  times  greater  is  the  resistance  of  dilute  sulphuric 
acid  than  that  of  copper? 

5.  Upon  what  does  tlie  resistance  offered  by  the  liquid  part  of  a 
circuit  depend,  and  how  may  if  be  diminislied? 

6.  Wliat  is  the  resistance  of  500  feet  of  copper  wire  .014  inch  in 
diameter  (No.  30  B.W.  gauge)?     Ans.  24.7  -f-  ohms. 

7.  What  length  of  copper  wire  .OOf!  incli  in  diameter  (No.  38)  will 
offer  ii  resistance  of  1  ohm  ? 

8.  What  is  the  resistance  of  16  yards  of  German  silver  wire  (No. 
30)  .014  incli  in  diameter? 

9.  What  is  the  resistance  of  1  mile  of  iron  telegraph  wire,  the 
usual  size  being  .175  incli  in  diameter? 

10.  Express  in  olinis  the  resistance  of  1  mile  of  copper  wire,  0.06 

52.S0 
inch  in  diameter?    Ans.  It.  72  X  -^i  =  14.256  ohms. 

11.  In  Experiment  2,  §  176,  why  is  the  current  when  C  is  in  the  cir- 
cuit alone  not  twice  the  current  when  B  is  in  the  circuit  alone?  From 
the  results  of  this  experiment,  and  the  laws  stated  in  §  177,  estimate 
the  intex'nal  resistance  of  the  cell  used.  In  solving  this  problem  3-ou 
may  assume  that  the  electro-motive  force  (§  180)  of  the  cell  remains  the 
same,  tliough  the  resistance  of  the  circuit  is  changed.  The  above  as- 
sumption is  not  strictly  true  (§  1K4). 

§180.  Electro-motive  force. — The  experiments  de- 
scrilied  in  §  151  show  that  electricity  constantly  flows  in  a 
closed  circuit  containing  a  voltaic  cell;  hence  the  cell  has  the 
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power  of  setting  electricity  in  motion,  or  an  ekctro-motive  force  m 
(iisiuiUy  abbreviated  E.M.F.).  It  has  been  found  tliat  E.M.F.  1 
deptnds  solely  upon  the  nature  and  Lomhtion  of  the  mibsiances 
tuhichform  the  battery,  and  is,  consequently,  quite  independent  of 
the  size  of  the  plates  and  their  distance  a/xtr'.  The  unit  em- 
ployed ill  the  measurement  of  K.M  F.  is  called  a  uolt.^  It  is 
about  the  E.M.F.  of  one  gr  ivity  cell.  The  following  table 
exhibits  the  electro-motive  force  in  volts  of  different  cells  :  — 

TABLE    OF    ELECTKO-MOTIVE    FORCES. 

(]!ravity  or  Daiiiell     0.98  to  1.08  volts. 

15iinsen  and  Grove 1.75  to  1.95      " 

lA'flanche,  at  first 1.48  to  1.60      "      ' 

Grenet  "        1.80  to  2.3 

Smoe 65       

The  E.M.F.  of  the  last  three  decreases  consklerably  if  the  circuit  is 
closed  for  a  few  minutes.  These  numbers  siguifj',  for  instance,  that  it 
will  rc(iuire  195  Sraec  cells  to  give  the  same  current  iu  a  circuit  (of 
high  resistance)  as  would  be  given  by  65  Grove  cells.  "Why  is  it  neces- 
sary, in  order  that  tliis  statement  may  be  approximately  true,  that  the 
external  resistance  shoulfl  be  high? 

§181.     Ohm's   Law The     law    which     expresses     the 

stronglli  of  the  einrent,  and  is  the  basis  of  most  mathematical 
calculations  on  currents,  is  exi)rcssed  in  the  formula  known  as 
Ohm's  Lniu.  Calling  tiie  current  C,  the  E.M.F.  simply  E,  and 
the  whole  resistance  in  the  circuit  R  ,  the  formula  expressing 
the  law  is 

In  words,  this  means  that  the  Htremjth  of  the  current  is  equal  to 

the  elevtro-viotioefj.cc  (f  the  ba'tery,  divided  by  the  resiManre  of 

the  circuit ;  i.e.,  C  will  be  greater  or  less  as  E  is  greater  or  less, 

but  will  be  less  when  K   is  great,  r,  and  greater  when  11'  is  less. 

I,' 
Tlic  above  relation    \  when  the  external  resistance  is  considered 

'  Vo!l,//r)J<(  t'le  itiimf  Volla. 
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separately   from  the  internal,  must  be  converted  thus  :  calling 
the  former  R,  and  the  latter  r,  the  expression  becomes 

^       R  +  y 

For  single  cells   in  ordinary  use  the  value  of  r  will  usually  be 
between  .5  and  2  ohms. 

The  unit  of  current  strength,  called  an  amph'e,  is  the  cur- 
rent flowing  in  a  conductor  having  a  resistance  of  1  ohm,  be- 
tween the  ends  of  which  a  ditfcrcnce  of  potential  of  1  volt  is 
maintained  ;  or  it  is  a  current  of  1  coulomb  per  second.  A 
coulomb  is  the  amount  of  electricity  conveyed  in  1  second  by  a 
current  of  1  ampere. 

If  a  cell  has  E  =  1  volt,  and  r  =  1  ohm,  and  the  connecting 
wire  is  short  and  stout,  so  that  R  may  be  disregarded,  then  tlie 
current  has  a  value  of  1  ampere.  But  if  the  connecting  wire 
has  a  resistance,  R,  equal  to  1  ohm,  then 

P  K  11,, 

•         C  ==  j^-^.  =  ,^-^  =  ^  =  -o  ampere. 

Connect  the  poles  of  a  cell  b^'  means  of  the  coils  B  and  C  of 
Experiment  2,  §  17G,  so  arranged  that  each  coil  connects  the 
poles.  There  are  now  two  routes  for  the  current  from  the 
carbon  to  the  zinc,  one  throuo-h  B  the  other  through  C.  Throuoh 
which  should  the  stronger  current  pass?  The  difference  of 
potential  between  the  two  ends  of  B  is  exactly  the  same  as  that 
between  the  two  ends  of  C,  because  both  coils  connect  the  same 
two  polrts  at  the  same  time  ;  but  the  resistance  of  B  is  twice 
that  (f  C  ;  what,  then,  should  be  the  ratio  of  the  current  through 
B  to  that  through  C?  Verify  .your  conclusion  by  introducing 
your  tangent-galvanometer  (I)  in  B  (2)  in  C. 

§  182.  Summary  of  electrical  measurements. — Just 
as  we  express  an  amount  of  money  in  the  denomination  t/oZ/ar.s, 
or  a  mass  of  coal  in  the  denomination  pounds^  we  express 
electrical 
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Potential,  P  (coramonly  difference  of  P) in  volts.         ' 

Electro-motive  force,  E "  volts. 

Resistance,  R "  ohms. 

Streni^th  of  current  C "  amperes. 

Quantity  of  electricity "  coulombs. 

The  following  will  give  some  idea  of  the  magnitude  of  the 
denominations.  A  gravity  cell  produces  a  difference  of  poten- 
tial or  an  electro-motive  force  (for  these  are  only  different  ways 
of  viewing  the  same  quantity)  of  nearly  1  volt.  To  produce  a 
spark  1'"'"  long  requires  from  3,000  to  4,000  volts.  A  No.  16 
ordinary  copper  wire,  250  feet  long  (diameter  .05 1  inch,  weight 
2  lbs.),  h;is  a  resistance  of  about  1  ohm.  About  150  feet  of 
copper  wire,  1"""  in  diameter,  has  a  resistance  of  1  ohm.  An 
ordinary  Grove  cell  may  have  an  internal  resistance  of  ^  ohm  ; 
this  cell  will  send  through  125  feet  of  No.  16  copper  wire  a  cur- 
rent whose  strength  is  1^  amperes. 

In  addition  to  the  S3'stem  of  units  above  mentioned,  which 
are  used  for  most  practical  purposes,  a  S3'stem  of  electrical 
units  based  upon  the  centimeter,  gramme,  and  second,  and 
called  C.G.S.,  or  absolute  units,  has  been  devised.  A  discus- 
sion of  these  units  is  altogether  bej'ond  the  limits  of  this  book, 
but  any  student  wishing  further  instruction  concerning  this 
system  may  read  Maxwell's  Electricity  and  Magnetism^  and  the 
collected  reports  of  the  Committee  of  the  British  Association  on 
Electrical  Standards. 

The  absolute  units  have  approximately  the  following  values : 

Absolute  unit  of  E.M.F.        =  TTp  ^^'^t;. 


"  "        Resistance  =  -^-^  ohm. 


_1_ 

10» 

"  "        Current       =10  amperes. 

"  "        Quantity     =  10  coulombs. 

It  will  be  observed  that  the  formula 

C-^ 

hohls  true  also  when  these  units  are  used. 
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PROBLEMS. 

1.  What  current  will  be  obtained  from  a  gravity  cell  wlieii  E  =  1, 
r=  2  ohms,  and  R=r  10  ohms? 

2-  What  current  may  be  got  from  a  gravity  cell  whose  internal  re- 
sistance is  3  ohms,  and  external  resistance  is  3  olims? 

3.  What  current  will  a  Grove  cell  furnish,  having  the  same  internal 
and  external  resistances  as  the  last? 

§  183.  Arrangement  of  batteries.  —  The  internal  resist- 
ance may  be  diminished  hy  placing  the  plates  as  near  to  each 
other  as  practicable,  and  by  employing  large  plates,  and  thereby 
increasing  the  size  of  the  liquid  conductor.  But  it  is  not  always 
convenient  to  employ  very  large  plates,  or  we  may  have  occasion 
to  employ  a  battery  for  certain  purposes,  as  we  shall  see  pres- 
ently, in  which  large  cells  would  be  of  little  or  no  advantage. 
The  same  result  that  can  be  produced  by  a  single  pair  of  large 
plates,  may  be  obtained  b}-  connecting  the  similar  yj  j^g 
plates  of  several  pairs  in  separate  cells,  thereby 
practically'  reducing  several  pairs  to  one  pair 
having  an  area  equal  to  the  sum  of  the  areas  of 
the  several  pairs.  Figure  143  illustrates  a  method 
of  connecting  cells  for  the  purpose  of  reducing 
the  internal  resistance.  This  is  called  arranging 
cells  parallel^  in  multiple  arc^  or  abreast. 

This  arrangement  is  very  effectual  in  increasing 
the  current-strength  when  the  internal  resistance 
is  the  principal  one  to  be  overcome.  For  instance, 
call  the  electro-motive  force  (E)  of  a  single  cell 
1  volt,  its  internal  resistance  5  ohms,  and  let  the 
plates  be  connected  by  a  short,  thick  wire,  whose 

resistance   may   be   regarded    as   nothmg;    then 

F      1 
C  =  —  =  —  =  .2  ampere.  Now  connect  10  similar 
r      5 

cells  abreast.     The  size  of  the  liquid  conductor 

being  increased  tenfold,  the   internal  resistance    is   one-tenth 

E 
as  large,  and  we  have  C=-  =  l-*--j^  =  2  amperes.  So  that. 
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when  there  is  no  external  resistance,  the  current  increases  as 
the  size  of  the  plates  is  increased.  The  same  is  approximately 
true  in  case  the  external  resistance  is  very  small  in  comparison 
with  the  internal  resistance. 

Again,  let  E  =  1,  r=  5  ohms,  as  above,  but  the  external  re- 
sistance R  =  200  ohms  ;  then  C  = -—  =  .0048+  ampere.   If 

10  pairs  are  connected    abreast,  C  =  - — — -  =  .0049+ ampfere, 

■§"  ~r  200 

In  this  case,  the  current  is  scarcely'  affected  by  increasing  the 

number  of  cells  abreast.     The  question  then  arises,  what  can  be 

done  to  increase  the  current  when  the  external  resistance  is 

necessarily  large  ;  as,  for  instance,  when  a  long  telegraph  wire 

is  used.     In  this  case  R,  in  Ohm's  formula,  is  unalterable,  and 

lessening  r  has  little  effect; 

Fig.  144. " 

so  there  remains  only  one 
wa}',  viz.,  to  increase  E,  the 
clectro-motive  force.  How 
may  this  be  done?  If  the 
current  from  a  cell,  instead 
of  passing  immediately  out  of 
the  cell  on  its  journey,  is  made 
to  pass  through  another  cell 
first,  one  might  naturally  expect  that  either  the  two  cells  would 
counteract  one  another  in  the  circuit,  or  that  they  would  double 
the  E.INI.F.  Experiment  shows  that  the  latter  result  is  the  true 
one,  and  that  the  E.M.F.  is  exactly  propoHional  to  the  number 
of  cells  connected  in  series.  Cells  so  connected  as  to  increase 
the  clectro-motive  force  are  said  to  be  joined  in  series  or  tandem. 
The  method  of  connecting  the  cells  for  this  purpose  is  shown  in 
Figure  144. 

It  will  be  seen  that  in  the  multiple  arc  (Fig.  143)  all  the  zinc 
plates  are  connected  with  one  another,  and  all  the  copper  plates 
witli  one  another.  In  the  tandem  arrangement  the  zinc  of  one 
cell  is  connected  with  the  copper  of  the  next  throughout. 
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In  the  last  example  given  above,  let  us  see  what  would  be  the 
effect  of  connecting  the  10  cells  in  series.  In  this  case  E  is 
increaseel  tenfold ;  and,  as  the  current  is  pjg,  145^ 

obliged  to  pass  through  the  liquid  of  10 
cells  instead  of  one.  the  internal  resistance 
will    also   be   increased    tenfold ;    hence, 

C  =  — =  .04:00  anip6re,   moi'e 

(5  X  10)4-200  ^ 

than  eight  times  as  much  as  before.  Thus 
it  appears  that,  tchen  the  external  resistance 
is  large  in  comparison  idtli  the  internal 
resistance,  the  current  may  he  largely  in- 
creased by  imdtijylying  the  cells  in  series; 
in  other  words,  by  forming  a  battery  of 
great  electro-motive  force.  In  long  tele- 
graph lines  the  l)attery  is  mrtde  up  of  hun- 
Fig.  14G.  d  reds     of 

cells   joined 
in  series. 

Large  cells  are  used  simply  be- 
caiise  the  fluids  last  longer,  and 
so  the  cells  need  less  attention. 

Sometimes  a  combination  of  the 
two  ai-rangements  gives  a  stronger 
current  than  either  alone.  The 
cells  ma}^  be  grouped  together  in 
pairs  (as  in  Figure  14.")),  or  in 
triplets  (as  in  Figure  HG),  so  as 
to  increase  the  electro-motive 
force ;  tlien  the  several  groups 
may  be  connected  abreast,  to  reduce  the  internal  resistance. 
The  strongest  current  is  obtained  by  such  an  arrangement  of 
the  cells  as  makes  the  internal  resistance  as  nearly  as  possible 
equal  to  the  external  resistance. 
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PROBLEMS. 

1.  Suppose  that  the  cells  in  the  last  example-  above  be  so  increased 
iu  size  that  r  in  each  =  .5  ohm,  what  current  will  be  sot  from  the 
batter}'? 

2.  What  current  is  there  on  a  telegraph-wire  100  miles  long,  when 
it  is  in  circuit  with  40  Grove  cells,  the  internal  resistance  of  each  cell 
being  .5  ohm,  the  resistance  of  the  wire  15  ohms  to  the  mile,  and  the 
resistance  of  the  earth  connections  100  ohms  ? 

3.  An  electric  bell,  whose  resistance  is  .5  ohm,  is  found  to  require  a 
current  of  .02  ampere  to  ring  it.  How  many  gravity  cells  will  it  re(i!iire. 
if  the  circuit  consists  of  an  iron  wire  1  mile  long,  having  a  diameter 
of  .165  in.  (=  4.29'"'").  disregarding  the  resistance  of  the  cells  ? 

4.  Which  is  the  better  arrangement  (i.e.,  abreast  or  tandem)  of  210 
gravity  cells,  each  of  3  ohms  resistance,  against  an  external  resistance 
of  ten  ohms,  and  what  will  be  the  current  with  each? 

5.  Devise  various  arrangements  of  30  cells  in  which  ?■  =  .8  ohm. 
Which  arrangement  is  best  wlien  K  =  10  ohms?  when  R  =  30  ohms? 

6.  By  means  of  your  tangent  galvanometer  compare  the  currents 
olitained  by  different  arrangements  of  two  or  more  cells,  (1)  when  the 
external  resistance  is  low,  (2)  when  the  external  resistance  is  high. 

§184.  General  Conclusions. —  A  perfect  buttery  would 
have  the  following  qualities  :  — 

1.  It  would  have  a  high  e^extro-motivn  force. 

2.  Ifs  E.M.F.  would  he  conslant,  whether  the  resistance  of 
the  circuit  were  high  or  low. 

3.  It  iconld  hnoe  a  small  and  constant  internal  resi^aace. 
No  l)attery  lullils  perfectly  all  these  conditions  ;  so,  in  practice, 

tiie  use  to  which  the  battery  is  to  be  put,  its  first  cost,  aud  the 
trou])le  and  expense  of  keeping  it  iu  order,  determine  which 
of  these  qualities  shall  be  givt'ii  u[).  Tiie  question,  What  is  the 
best  l)attery?  is  discussed  in  tiie  Aiipeudix,  Section  F. 

A  current  from  a  single  cell,  traversing  a  short,  thick  wire, 
will  produce  almost  as  huge  a  detlectioa  of  a  magnetic  needle 
as  a  current  from  oOO  cells  connected  in  series  with  the  same 
external  resistance.  On  the  other  hand,  a  message  has  been 
transmitted  through  the  Atlantic  cable,  whose  resistance  is 
ul)out  7,000  ohms,  by  a  current  generated  in  a  lady's  thimble, 
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and  the  signals  produced  were  as  distinct  as  those  tiiat  would 
be  produced  by  a  cell  of  several  square  feet.  In  this  case  the 
quantity  of  electiiciiy  that  i)assed  depended  chiefly  upon  the 
E.M.F.  of  the  battery,  and  n(;t  upon  its  internal  resistance. 
(How,  in  the  former  case,  can  the  current  be  incieased  ?  How 
could  it  have  been  increased  in  the  latter  case?) 

The  same  strength  of  current  that  would  fuse  an  inch  of 
platinum  wire  would  fu-e  a  mile  of  the  same  wire.  But  while 
one  cell  would  fuse  the  inch  of  wire  it  would  require  theE  M.F. 
of  many  hundred  to  maintain  the  same  strength  of  current  in 
the  mile  of  wire. 

A  battery  of  three  cells  arranged  abreast  will  fuse  a  certain 
length  of  pi  itiiuim  wire,  but  will  not  be  felt  by  a  persfju  holding 
the  poles  in  his  hands  ;  while  a  battery  of  lUU  cells  in  series  will 
not  fuse  the  same  wire,  but  will  produce  quite  a  shock.  From 
this  f:ict  what  conclusion  do  yon  draw  concerning  the  con- 
ducting power  of  a  person's  body? 

The  power  of  an  electro-mngnet  depends  largely  upon  the 
number  of  times  a  given  current  circulates  around  its  core,  and 
upon  the  nearness  of  the  current  to  the  core  ;  for  compactness, 
and  to  keep  the  current  near  the  core,  a  fine  wire  must  be  used. 
But  a  long,  thin  wire  would  offer  large  resistance  ;  this  mii^ht 
so  reduce  the  current  as  to  more  than  offset  the  advantage  that 
would  otherwise  be  gained.  Hence,  when  there  is  Utile  other 
resistance  in  a  circuit,  a  large  wire  with  few  turns  will  give  the 
strongest  electro -mag  net.  But,  if  an  electro-magnet  is  to  be  used 
in  a  circuit  with  other  large  resistance,  then  the  introduction  of 
a  helix  of  many  turns  of  fine  wire  will  add  liitle  more  resistance 
comparatively  ;  so  the  strength  of  the  current  will  be  reduced 
but  little,  while  a  great  gain  will  be  made  in  the  effect  on  the 
core.  For  the  same  reason,  a  galvanometer,  intended  to  be  used 
in  circuits  where  there  is  little  resistance,  should  contain  only  a 
few  turns  of  large  wire  ;  but,  if  it  is  to  Ite  used  with  large  resist- 
ance, it  should  contain  man}'  turns  of  long,  fine  wire.  Electro- 
magnets and  galvanometers  shoul  I  be  adapted  to  the  circuits  /n 
toJiich  they  are  used. 
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QUESTIONS. 

1.  A  bell  in  Washington  is  to  be  rung  by  the  action  of  an  electro- 
magnet. The  current  used  comes  fro;a  a  battery  in  New  York.  How 
should  the  electro-magnet  be  constructed':' 

2.  If  you  wished  to  measure  the  current,  by  the  introduction  of  a 
galvauoijieter  into  the  circuit  iu  Washington,  how  should  it  be  made? 

3.  Would  it  require  a  different  galvanometer  if  it  were  to  be  intro- 
duced into  the  same  circuit  iu  New  York,  only  a  few  feet  from  the 
battery? 

4.  Provided  there  were  no  leakages,  how  would  the  deflections  at 
the  two  places  compare? 


XXXI.  MAGNETS  AND  MAGNETISM. 

§  185.  Permanent  and  temporary  magnets.  —  One  of  the 
most  familiar  pieces  of  i)liysical  apparatus  is  a  magnet.  Wc 
Iviiow  how  it  can  pick  up  l)its  of  iron  and  steel.  By  the  aid  of 
a  small  iustnnncnt  already  studied,  we  may  make  a  pair  of  small 
magnets,  and  study  their  actions  and  laws. 

Experiment.  —  Take  the  electro-magnet  described  in  §  171  and  a 
coupU'  of  sewing-needles  or  larger  steel  rods.  Apply  these  needles 
one  at  a  time,  to  one  end  of  the  electro-magnet,  and  draw  them  several 
times  across  it  from  end  to  end,  always  in  the  same  direction,  and  not 
rubbing  back  and  forth.  Kepeat  the  operation  with  an  iron  wire  of 
the  same  size;  both  the  Avire  and  the  steel  are  attracted  by  the  electro- 
magnet, but  the  iron  wire  more  .strongly.  Observe  that  both,  while  in 
contact  with  the  electro-magnet,  possess  the  power  of  attracting  bits 
of  iron  ;  but,  on  remo\ing  them,  the  steel  is  found  to  retain  the  property 
it  had,  while  the  iron  does  not. 

Both  of  them  exerted  that  peculiar  force  called  magnetic  force, 
or  possessed  the  property  called  magnetism;  that  is,  both  were 
magnets  ;  but,  as  the  steel  retains  its  power,  it  is  called  a  jyerma- 
nenl  magnet  to  distinguish  it  from  a  teniporary  magnet,  like  the 
iron  wire  or  llie  electro-magnet  itself.  The  quality  of  steel  by 
which  it  at  first  resists  the  i)ower  of  magnets,  and  resists  the 
escape  of  magnetism  which  it  has  once  acquired,  is  called  coer- 
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cive  force.  TJie  harder  steel  is,  the  greater  is  its  coercive  force. 
Hence,  highly  tempered  steel  is  used  for  permanent  magnets. 
Hardened  iron  possesses  some  coercive  force  ;  hence,  the  cores 
of  electro-magnets  should  be  made  of  the  softest  iron,  that  thej' 
may  acquire  and  part  with  magnetism  instantaneously. 

§  186.  La"W  of  magnets.  —  Experiment  1.  Suspend  the  two 
magnets,  each  iu  a  horizontal  position,  by  tlireads  that  will  not  untwist, 
and   several  feet 


distant  from  each 


Fig.  147. 


viA,     ^  ^\    "^^  A^ 


other  (r.  Fig.  177.    fe  V^    \^ ^\    ^ 

8211).  When thev     ^  —  ' 

Permanent  Magnet.  luiliicud  Magnetn. 

come  to  rest  no- 
tice that  they  have  taken  up  a  direction  nearly  north  and  south.     Tie  a 
thread  on  the  end  of  each  that  points  to  the  north. 

This  end,  or  pole,  as  it  is  usually  called,  we  will  speak  of  as 
the  N-end,  +,  or  marked  end  or  pole,  while  the  other  is  the 
unmarked,  — ,  or  S-end  or  pole. 

Experiment  2.  Bring  the  marked  end  of  one  of  the  magnets  near 
to  the  unmarked  end  of  the  other.  Next  bring  the  marked  end  of  one 
near  to  the  marked  end  of  the  other.  Bring  the  unmarked  ends  near 
one  another.     Carefully  note  the  result  in  each  case. 

We  discover  the  following  law  of  magnets  :  Like  poles  repel, 
unlike  poles  attract  one  another. 

§  187.  Magnetic  transparency  and  induction.— Experi- 
ment. —  Interpose  a  piece  of  glass,  paper,  or  wood-shaving  between  the 
two  magnets.  Does  the  presence  of  one  of  these  substances  produce 
any  effect?  Interpose  a  piece  of  sheet-iron  between  the  two  magnets. 
What  is  the  result? 

Substances  that  are  not  susceptible  to  magnetism  are,  like 
glass,  paper,  and  wood,  magnetically  transparent.  "When  a 
magnet  causes  another  body,  in  contact  with  it  or  in  its  neigh- 
borhood, to  become  a  magnet,  it  is  said  to  induce  magnetism  in 
that  body,  i.e.,  it  infiaences  it  to  he  like  itself.     As  attraction, 
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and  never  repulsion,  occurs  between  a  magnet  and  an  unnaag- 
netized  [jiece  of  iion  or  steel,  it  m  ist  be  that  the  magnetism 
induced  in  the  latier  is  such  that  oi)posite  poles  are  adjacent ; 
that  is,  a  N  or  -f-pule  induces  a  S  or  — pole  next  itself,  as  shown 
ill  Fig.  147. 


•o 


188.     Polarity. —  Experiment  l.     Strew  u"on  filings  on  a  flat 
Fig.  148.  surface,  and  lay  a  bar-magnet  on 

them.  On  raising  the  magnet,  how 
are  the  tilings  which  cling  to  It  dis- 
tributed?    What  does  this  prove? 


Magnetic  attraction  is  greateKt  at  the  poles,  and  dimiyiifihes 
towards  the  center,  where  it  is  nothing,  or  the  center  6f  the  bar  is 
neutral.  The  dual  character  of  the  magnet,  as  exhibited  in  its 
opposite  extremities,  is  called  polarity,  and  magnetism  is  styled 
a.  polar  forct^.  If  a  magnet  is  broken  at  its  neutral  line,  as  in 
Exp.  1,  §  25,  it  is  found  that  equal  and  opposite  polarities 
Fiir.  i4\t.  exist  where  there  is  ordinarily  no 

'     evidence  of  them. 


Experiment  2.  Place  a  copper  wire, 
through  which  a  very  strong  current 
of  electricity  is  passing,  in  a  lieap  of  iron  filings  ;  then  raise  the  wire. 
What  is  the  result? 


This  experiment,  and  those  with  the  electro-magnet,  and  the 
deflection  of  the  magnetic  needle  by  an  electric  current,  and  a 
multitude  of  others  that  the  pupil  will  meet  with,  cannot  fail 
to  convince  liim  that  (ui  intimate  relation  exists  between  electricity 
and  magnetism,  which,  though  differing  in  many  of  their  prop- 
erties, yet  alike  in  many,  and  almost  invariably  accompanying 
one  another,  and  constantly  merging  one  into  the  other,  appear 
as  if  they  were  only  different  manifestations  of  one  and  the 
an  me  agent. 


ATTRACTION   OF   CURRENTS. 


237 


§  189.   Attraction  and  repulsion  between  currents. 

Let  us  study  still  further  p^^  ^^  p,j„  j., 

the  properties  of  the  cur- 
rent. 


Battery 


Experiment  1.  Suspend 
two  copper  wires  (Fig. 
150),  each  50<="'  long,  and 
about  5™™  apart,  witli  their 
lower  extremities  dipping 
about  2"""  into  mercury,  so 
as  to  move  with  little  re- 
sistance either  toward  or 
from  each  other.  In  Fig- 
ure 150  the  current  divides 
itself  and  flows  dowu  both 
wires  to  the  liquid,  so  that  "* 

that  part  of  the  circuit  presents  parallel  currents  flowing  in  the  same 
direction.  Figure  151  is  the  same  apparatus,  with  the  connections  so 
made  that  the  current  flows  down  one  wire  and  up  the  other,  and  we 
have  an  example  of  parallel  currents  flowing  in  opposite  directions. 
What  is  the  result  in  the  first  caseV 
What  in  the  second  ?  What  conclusions 
do  vou  draw? 


Fig.  152. 


Hence,  the  First  Law  of  Cur- 
rents :  Parallel  currents  in  the  same 
direction  attract  one  another ;  par- 
allel currents  in  ojJj^osite  directions 
repel  one  another. 

An  interesting  ilhistratiou  of  the 
former  part  of  tliis  law  can  be  ar- 
ranged as  in  Figure  ir)2.  A  bat- 
tery wire  is  bent  in  the  form  of  a 
spiral  coil.  At  a  the  wire  is  broken, 
and  one  end  dips  just  below  the  surface  of  niercurv  in  a  glass, 
while  tlic  other  end  is  placed  in  the  same  liquid  at  a  little  dis- 
tance frcm  the  first.  When  the  circuit  is  closed  the  current  will 
be  parallel  with  itself,  and  will  How  i:i  tlr.'  same  direction  in 
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all  parts  of  the  coil  that  are  adjacent.  The  attraction  that 
follows  will  cause  the  coU  to  contract  and  lift  one  pole  out  of 
the  mercury  and  break  the  circuit.  The  circuit  broken,  the 
attraction  ceases,  and  the  coil  is  drawn  down  again  by  the  force 
of  gravity,  and  closes  the  circuit  again ;  and  thus  constant 
vibratory  motion  is  produced  in  the  coil.  This  experiment  must 
be  made  with  considerable  care  or  it  will  not  succeed. 


Fit?.  153 


Experiment  2.    Prepare  apparatus  as  represented  in  Figure  153. 

Through  a  cork  a,  S^™  in  diameter 
and  S^m  thick,  cut  a  circular  hole 
about  4:'^'^  in  diameter,  aud  insert 
a  glass  test-tube  b,  about  G'^^ 
long,  that  will  just  fit  in  the  hole. 
Takean(No.  20)  insulated  copper 
wire  about  200'^'"  long,  wind  the 
central  portion  into  a  coil  c,  12="' 
long  and  15™™  in  diameter,  with 
turns  about  3'"™  apart,  leaving 
about  12"=""  at  both  extremities 
unwound.  To  these  extremities 
sokkr  strips  of  copper  and  amal- 
gamated zinc  about  3"=™  long,  and 
as  wide  as  the  interior  of  the  test- 
tube  will  admit,  aud  allow  them 
to  be  separated  about  5"^.  In- 
sert them  in  the  tube, 
and  cover  with  dilute 
sulphuric  acid.  In  the 
center  of  the  coil  l:iy 
a  No.  IG  soft  iron 
wire  d,  and  float  the 
whole  in  a  vessel  of 
water.  The  apparatus 
constitutes  a  snuill 
floating  battery  and  electro-magnet.  Bring  oue  end  of  a  permanent 
magnet,  or  a  short  piece  of  soft  iron  wire  r,  suspended  in  a  paper 
stiiTup  n,  near  to  one  of  the  poles  of  the  core  of  the  electro-magnet, 
and  prove  by  experiment  that  the  coil  and  its  core  behave  in  every 
respect  like  ,)  magnet. 

Kxpcrimeiit  3.    Remove  the  iron  wire  from  the  floating  electro- 
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Fig.  156. 


magnet,  and  bring  a  separate  battery  wire  over  and  parallel  with  the 
helix,  as  in  Figure  154.  In  this  position  the  two  currents  flow  in 
planes  at  right  angles  to  one  another.  Immediately  the  coil  turns  and 
tends  to  take  a  position  at  right  angles  to  the  wire  above,  so  that  the 
two  currents  may  flow  in  parallel  planes  and  in  the  same  direction,  as 
in  Figure  155. 

Hence,  the  Second  Law  of  Currents  :  Angular  currents  tend  to 
hecome  parallel  andjloiv  in  the  same  direction. 

Observe  that  the  action  of  the 
helix  in  the  last  experiment  is 
analogous  to  the  deflection  of  a 
magnetic  needle  by  an  electric 
current. 

Experiment  4.  Place  opposite 
one  end  of  the  floating  helix  a  second 
helix.  Figure  156,  in  such  a  manner  that  the  currents  in  the  two  helices 
may  have  the  same  direction.  The  two  poles  of  the  helices  attract 
one  another  in  conformity  to  the  First  Law  of  Currents.  Reverse  the 
poles  of  the  helix  in  your  hand  so  that  the  currents  will  flow  in  oppo- 
site directions,  though  still  parallel ;  they  repel  one  another.     (Why?) 

The  two  helices  appear  to  be  polarized  like  two  magnets,  and 
for  many  purposes  may  be  considered  as  magnets.  Observe 
that  at  one  pole  of  each  helix  the  current  revolves  in  the  direc- 
tion that  the  hands  of  a  watch  move,  and  at  the  opposite  pole 
it  revolves  in  a  direction  contrary  to  the  movement  of  the  hands 
of  a  watch.  Bring  the  north  pole  of  a  bar-magnet  near  that 
pole  of  the  helix  where  the  motion  of  the  current  corresponds  to 
the  movement  of  the  hands  of  a  watch.  They  attract  one  an- 
other ;  but  if  the  same  pole  of  the  helix  is  approached  by  the 
south  pole  of  the  magnet,  repulsion  follows.  Hence,  that  is  the 
south  pole  of  a  helix  where  the  current  corresponds  to  the  motion 
of  the  hands  of  a  watch,  (s),  and  that  is  the  north  pole  where  the 
current  is  in  the  reverse  direction,  (n).  But  the  important  les- 
son derived  from  these  latter  experiments  is,  that  helices  through 
which  currents  are  Jloiving  behave  totvard  one  another,  or  toward 
a  magnet,  in  many  respects  us  if  they  were  magnets. 
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§  190.  Ampere's  theory. — The  facts  which  we  have  just 
studied  led  .Vmp^re  about  sixty  years  ago  to  devise  a  theory  which 
furnished  a  connecting  link  between  magnetism  and  electricity. 
It  assumed  that  around  every  molecule  of  iron,  steel,  or  other 
magnetizable  substance,  electric  currents  circulate  continuouslv, 
and  thus  every  molecule  becomes  a  magnet.  According  to  the 
theory,  in  an  unmagnetized  bar  these  currents  lie  in  all  possible 
l)lanes,  and,  having  no  unity  of  direction,  thej'  neutralize  one 
another,  and  so  their  effect  as  a  system  is  zero.  But  if  a  current 
of  electricity  or  a  magnet  is  brought  near,  the  effect  of  the  in- 
duction is  to  turn  the  currents  into  parallel  planes,  and  in  the 
same  direction,  in  conformity  to  the  Second  Law  of  Currents. 
If  the  coercive  force  is  strong  enough,  this  parallelism  will  be 
attained  on  the  removal  of  the  inducing  cause,  and  a  permanent 
magnet  is  the  result. 

Intensity  of  magnetization  depends  on  the  degree  of  parallel- 
ism, and  the  latter  depends  on  tlie  strength  of  the  influencing 
magnet.  When  these  currents  have  become  quite  parallel,  the 
body  has  received  all  the  magnetism  that  it  is  capable  of  receiv- 
ing, and  is  said  to  be  saturated.     Although  the  currents  really 

circulate  around  the  individual 
molecules,  yet  the  resultant  of 
these  forces  is  essentially  the 
same  as  if  the  currents  circu- 
lated around  the  body  as  a 
whole.  Figure  157  represents 
sections  of  a  cylindrical  mag- 
net,  and  the  included  circles 
the  circulation  of  the  several 
currents  around  the  molecules 
lying  in  these  sections.  It  will 
be  seen  that  the  currents  at  the 
contiguous  sides  of  any  two  of  these  circles  move  in  o})posite 
directions,  and  therefore  must  neutralize  one  another ;  while  the 
einicnts  that  pass  next  the  circumference  of  the  magnet  are  not 
so  atl'ected. 
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The  hypothetical  cuiTents  that  circulate  around  a  magnetic 
molecule  we  shall  call  Amph-ian  currents^  to  distinguish  them 
from  the  known  current  that  traverses  the  helix.  In  strict  accord- 
ance with  this  theory,  the  poles  of  the  electro-magnet  are  deter- 
mined b}-  the  direction  of  the  current  in  the  helix.  The  inductive 
influence  of  the  electric  current  causes  the  Amp6rian  currents  to 
take  the  same  direction  with  itself,  as  represented  in  Figure  158. 

Fig.  158. 


However  well  adapted  this  theory  may  be  to  explain  most  of  the 
known  phenomena  of  magnetism,  it  should  be  borne  in  mind 
that  physicists  of  this  generation  value  the  theory  rather  as  a 
help  to  the  imagination  and  memory,  than  as  a  true  statement 
of  the  facts.  It  is  nearer  the  truth  to  say  that  the  molecules 
are  polarized  as  if  currents  were  circulating  around  them  ;  of 
the  actual  existence  of  such  currents  we  know  nothing.  So 
also  of  the  real  nature  of  polarity  we  know  little  or  nothing. 

EXERCISES  AND  QUESTIONS. 

1.  Regarding  j'our  lead-pencil  as  a  rod  of  iron,  and  a  string  as  au 
electric  wire,  tie  a  knot  at  the  end  where  the  current  is  supposed  to 
enter  it,  and  wind  the  string  spirally  around  your  pencil,  so  as  to  make 
thf  point  of  the  pencil  a  south  pole. 

2.  What  would  be  the  efl'ect  of  reversing  the  current? 


S.  'I'ake  two  tin  mustard-boxes,  and  paint  arrows  around  them,  also 
on  the  ends,  all  turned  in  the  same  direction,  to  represent  Ampferian 
curicats,  as  in  Figure  159.    Imagine  each  to  be  a  magnet,  determine 
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which  is  the  nortli  and  which  is  the  south  pole  of  each,  and  mark,  them 
accordingly  witli  the  letters  N  and  S. 

4.  (a)  Place  the  two  south  poles  near  one  another,  and  ascertain 
why  they  should  repel  one  another,  (ft)  Do  the  same  witli  the  two 
north  poles. 

5.  Let  a  north  and  a  south  pole  face  one  another,  and  show  why 
tliey  should  attract  one  another. 

6.  Stretch  a  string  in  a  northerly  and  southerly  direction,  and  sus- 
pend one  of  the  boxes  as  a  magnetic  needle  over  and  parallel  witli  the 
string,  with  its  north  pole  pointing  north;  then  imagine  a  current  to 
enter  the  sti'iug  at  its  southern  extremity,  and  determine  its  eflects  on 
the  needle. 

7.  Why  is  a  magnetic  needle  deflected  by  an  electric  current? 

8.  Why  is  the  direction  of  the  deflection  dependent  on  tlie  direction 
of  the  current? 


§  191.  The  earth  a  great  magnet.  —Experiment  1.  Mag- 
netize a  cambric  needle.  Susijend  it  by  a  fine  thread  attached  to  its 
middle  over  a  magnet,  and  midway  between  its  poles.  The  needle, 
however  placed,  immediately  takes  a  position  parallel  with  the  mamiet. 
The  magnet  exerts  a  directive  influence  on  the  needle.  Eemove  the 
magnet,  and  the  needle  takes  a  northerly  and  southerly  direction. 

If  you  carry  the  needle  all  over  your  town  or  State,  it  will  still  main- 
tain this  direction..  Something,  like  the  magnet,  exei'ts  a  directive 
influence  on  the  magnetic  needle. 

Fijr.  160. 


K.xporiincnt  2.  Place  the  needle  once  more  in  its  original  position 
over  the  magnet,  and  gradually  move  it  from  the  middle  towards  one 
pole  of  the  magnet;  the  needle  ceases  to  be  horizontal.  At  either  side 
of  the  center  it  dips;  if  it  is  nearer  the  N-pole  of  the  bar.  the  S-pole 
dips,  and  conversely,  as  shown  in  Figure  IfiO.  If  the  needle  is  properly 
supported,  the  dip  increases  till  at  the  poles  the  inclination  is  90°. 

If  fi  magnetic  needle  freel}'  suspended  is  carried  to  different 
parts  of  tlie  earth's  surface,  it  will  dip  as  it  approaches 
the  polar  regions,  and  is  only  horizontal  at  or  near  the  earth's 
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equator.       A   common    compass  needle  must  have  the    S-encl 

loaded  to  keep  it  horizontal  if   it  is  used  in  Canada,  but  would 

need  to  have  the  N-end  loaded  if  it  were  used  in  Australia. 

Like   effects    are    commonly    attributed  _  Fig-  lei. 

to  like  causes.     These   phenomena   are 

just   what   we   should   expect   if  (as   is 

ver}'  improbable)   a  huge  magnet  were 

thrust   through  the  axis  of  rotation  of 

tbe    earth,    as    represented    in     Figure 

161, — having    its    N-pole    near    the    S 

geographical  pole,   and   its   S-pole  near 

the  N  geographical  pole;    or    if   (as   is 

more  probable)  the  earth  itself  is  a  magnet. 

Experiments.  Magnetize  a  circular  steel  disl<,  so  that  its  poles 
may  be  at  the  extremiUes  of  one  of  its  diameters.  Place  it  beneath  a 
plate  of  glass.    Sift   over  ^.^  ^^^ 

the  glass  fine  iron-filings, 
as  iu  Exp.  2,  p.  28.  Gently 
tap  the  glass  a  few  times, 
so  as  to  agitate  the  filings. 
Once  iu  motion,  they  ar- 
range themselves  in  lines 
radiating  from  either  pole, 
forming  graceful  curves 
from  pole  to  pole,  as  rep- 
resented in  Figure  162. 
These  represent  what  are 
called  linps  of  magnetic 
fijrce.  They  represent  the 
resultants  of  the  combined 
action  of  the  two  poles. 
Now  carry  the  little  mag- 
netized cambric  needle 
around  tlie  disk.  It  follows 
the  lines  of  magnetic  force 
as  mapped  out  by  the  fil- 
ings, always  assuming  a 
position  tangent  to  the  magnetic  curve,  as  shown  in  Figure  162. 


Jt  is  evident  that  the  space  around  a  magnet  is  the  seat  of  jy 
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peculiar  influence  ;  this  space,  extending  as  far  as  the  magnet 
exerts  any  effect,  is  called  the  magnetic  field.  The  last  experi- 
ment presents  a  true  exhibition,  on  a  small  scale,  of  what  the 
earth  does  on  a  large  one,  and  thereby  presents  one  of  many 
phenomena  which  lead  to  the  conclusion  that  the  earth  is  a 
magnet. 

§  192.  Magnetic  poles  of  the  earth.  —  It  will  be  seen 
that  there  are  two  points  where  the  needle  points  directly  to  the 
center  of  the  disk.  A  point  was  found  on  the  western  coast  of 
Boothia,  b}'  Sir  James  Ross,  in  the  year  1831,  where  the  dipping 
needle  lacked  only  one-sixtieth  of  a  degree  of  pointing  directly 
to  the  earth's  center.  The  same  voyager  subsequentl}-  reached 
a  point  in  Victoria  Land  where  the  opposite  pole  of  the  needle 
lacked  only  1°  20'  of  pointing  to  the  earth's  center. 

It  will  be  seen  tliat,  if  we  call  that  end  of  a  magnetic  needle  which 
points  north  the  N-pole,  we  must  call  that  magnetic  pole  of  the  earth 
which  is  iu  the  northern  hemisphere  the  S-pole,and  vice  versa.  (See 
Fig.  102.)  Hence,  to  avoid  confusion,  mauj'  careful  writers  abstain 
from  the  use  of  the  terms  north  and  soiith  poles,  and  substitute  for 
thom  the  terms  positive  and  negative,  or  marked  and  unmarked  poles. 

§  193.  Variation  of  the  needle. — Inasmuch  as  the  mag- 
netic poles  of  the  earth  do  not  coincide  with  the  geographical 
l)oles,  it  follows  that  the  needle  does  not  in  most  places  point  due 
north  and  south.  The  angle  which  the  needle  makes  with  the 
<j;('ograi)hi(!al  meridian  is  known  as  the  angle  of  dcdiaation. 
This  angle  differs  at  different  places. 

Kxperiinent.  As  Columbus  found,  we  can  easily  And,  the  declina- 
tion at  any  place  as  follows  :  Set  up  two  sticks  so  tliat  a  string  joining 
them  ijoiiits  to  the  Xt)rth  Star;  tlie  string  will  lie  in  the  geographical 
meridian.  Phice  a  long  magnetic  needle  over  the  string;  the  angle 
between  the  needle  and  the  string  is  the  required  declination.  If  great 
accuracy  is  required,  allowance  nmst  be  made  for  the  fact  that  the 
star  is  not  exactly  over  the  poL;,  Ijut  appears  to  describe  daily  around 
it  a  circle-  whose  diameter  is  abont  4°, 
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Let  A  (Fig.  163)  represent  the  north  magnetic  pole,  and  B 
the   north  geographical  pole  ;  it  will  be  Fig.  163. 

seen  that  there  is  a  [losition  in  w  hich  the 
needle  will  point  due  north.  A  line  pass- 
ins:  around  the  earth  throuoh  the  two 
magnetic  poles,  connecting  those  places 
where  the  needle  points  due  north,  is 
called  a  line  of  no  variation.  On  the  map,  Plate  II.,  it  is 
marked  0.  Lines  east  and  west  of  this  line,  and  approximately 
parallel  with  it,  rep'-esent  lines  of  equal  variation.  At  places 
in  North  America  east  of  this  line  the  needle  points  west  of 
north,  e.(/..  Eastern  Ontario,  Quebec  and  the  maritime  provinces  ; 
but  at  points  west  of  this  line  it  points  east  of  north. 

The  magnetic  poles  are  not  fixed  objects  that  can  be  located 
like  an  island  or  cape,  but  are  constantly  changing.  They  ap- 
pear to  swing,  somewhat  like  a  pendulum,  in  an  easterly  and 
westerly  direction,  each  swing  requiring  centuries  to  complete  it. 
The  north  magnetic  pole  is  now  on  its  westerly  swing.  The 
chart  given  in  this  book  was  only  true  at  the  time  of  observation 
in  1870.  To  be  true  for  the  present  time,  each  of  the  lines 
should  be  moved  westward  at  the  rate  of  about  1°  for  every 
twelve  years. 

§  194.  Natural  magnets.  —  On  the  assumption  that  the 
earth  is  a  magnet,  it  would  not  be  strange  if  magnetizable  sub- 
stances should  partake  of  its  magnetic  properties  by  induction. 
An  ore  of  iron  called  lodestone,  composed  of  a  mixture  of  two 
oxides  of  this  metal,  possesses  more  or  less  magnetic  power. 
Such  magnets  are  termed  natural  magnets,  to  distinguish  them 
from  the  artificial  magnets  of  steel. 

§  195.  Cause  of  the  earth's  magnetism.  —  The  cause  of 
the  earth's  magnetism  is  not  known.  The  theory  that  it  is  an 
electro-magnet  in  virtue  of  currents  flowing  around  it  near  its 
surface,  from  easi  to  west,  explains  all  the  effects  that  it  pro- 
duces on  the  magnetic  needle.     But  what  sustains  these  electric 
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currents?  There  arc  mnny  things  that  point  to  the  sun  as  the 
source  of  the  earth's  magnetism.  Those  who  adopt  this  theory 
generally  regard  the  terrestrial  currents  as  thermo-electric. 

A  single  histance  must  suflice  to  illustrate  tlie  intimate  relation  that 
certainly  exists  between  the  sun's  condition  and  the  earth's  mag- 
netism. In  1859  two  observers  remote  from  eabh  other  saw  siniul- 
taneouslj'  a  bright  spot  break  out  on  the  face  of  the  sun,  whose  duration 
was  ouly  Ave  minutes.  Exactly  at  this  time  there  was  a  general  dis- 
turbance of  magnetic  needles,  and  telegraph  wires  all  over  the  world 
were  traversed  with  so-called  earth  currents.  Telegraphers  received 
shocks,  and  an  apparatus  in  Norway  was  set  on  fire.  These  phenomena 
were  quickly  followed  by  auroral  displaj's.  Sometimes  telegraphs  are 
worked  by  earth  cuiTcnts  alone,  without  any  battery  in  the  circuit. 


Fis.  1C4. 


§  196.  General  remarks  on  magnets  and  magnetism. 
—  Artificial  magnets,  including  permanent  magnets  and  electro- 
magnets, are  usually-  made  in  the  shape  either  of  a  straight  bar 
or  of  the  letter  U,  called  the  horse-shoe^  according  to  the  use 
made  of  them.  If  we  wish,  as  in  the  experiments  already  de- 
scribed, to  use  but  a  single  pole,  it  is  desirable  to  have  the  other 
as  far  away  as  possible  ;  then  obviously  the  bar-magnet  is  most 
convenient.  But  if  the  magnet  is  to  be  used  for  lifting  or  hold- 
ing weights,  the  horse-shoe  form  is  far  better,  because  the 
attraction  of  both  poles  is  conveniently  available, 
and  because  their  combined  power  is  more  than 
twice  that  of  a  single  pole.  This  is  due  to  the 
rellex  influence  of  the  poles  on  one  another  through 
the  armature.  Magnets,  when  not  in  use,  ought 
always  to  be  protected  by  armatures  (A,  Fig.  1G4) 
of  soft  iron ;  for,  notwithstanding  the  coercive 
powrr  of  steel,  they  slowly  part  with  their  magne- 
lisni.  But  when  an  armature  is  used,  the  opposite 
poles^of  the  magnet  and  armature  being  in  contact 
with  one  another,  i.e.,  N  with  S,  they  serve  to  bind 
one  another's  magnetism. 

Thin  bars  of  steel  can  be  more  thoroughly  magnetized  than 
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thick  ones.  Hence,  if  several  thin  bars  (Fig.  164)  are  laid  side 
by  side,  with  their  corresponding  poles  turned  in  the  same 
direction,  and  then  screwed  together,  a  ver}-  powerful  magnet 
is  the  result.  This  is  called  a  compound  magnet.  In  any  mag- 
net the  outer  layers  are  far  more  strongly  magnetized  than  the 
central  ones;  so  a  steel  tube  makes  very  nearly  as  strong  a 
magnet  as  a  rod  of  the  same  diameter,  and  is  much  lighter  than 
the  latter. 

§  197.  Diamagnetism..  —  Besides  h'on  and  steel,  many 
other  substances,  and  possibly  all  substances,  both  in  the  liquid 
and  gaseous,  as  well  as  in  the  solid  state,  are  more  or  less  sus- 
ceptible to  magnetic  influence.  Conspicuous  among  these  are 
nickel  and  cobalt.  But  this  influence  is  not  always  of  the  same 
kind.  A  small  bar  of  bismuth  siispended  between  the  poles  of 
a  powerful  electro-magnet,  instead  of  being  attracted  is  repelled 
by  the  poles  of  the  magnet,  as  shown  by  its  taking  a  position 
with  its  longest  axis  at  right  angles  to  a  direct  line  between  the 
poles.  Substances  which  behave  in  this  manner  are  called  dia- 
magnetic,  and  they  are  said  to  place  themselves  equatoricdly 
between  the  poles.  Substances  that  place  themselves  axicdly 
between  the  poles,  as  iron  and  nickel,  are  called  2Ja?'omar/?ieiic, 
or  sunply  magnetic. 

Paramagnetic  liquids  placed  in  a  watch-glass  between  the 
poles  become  heaped  up  at  the  poles  and  depressed  in  the  cen- 
ter, while  the  opposite  phenomena  occur  with  diamagnetic 
liquids.  The  magnetic  behavior  of  gases  may  be  learned  by 
inflating  soap-bubbles  with  them,  and  noting  the  direction  of 
their  distension.  Alcohol,  water,  nitrogen,  and  carbonic  acid 
are  diamagnetic.  Oxygen  is  paramagnetic.  The  only  sub- 
stances whose  magnetic  properties  can  be  shown  without  extra- 
ordinary apparatus  are  iron  and  its  compounds. 

§  198.  Magnets  not  sources  of  energy.  —  Perpetual- 
motion  seekers  are  easily  led  into  the  error  of  supposing  that  in 
the  magnet  they  have  an  inexhaustible  supph'  of  euergj- ;  but 
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a  very  little  stud}-  will  serve  to  exhibit  the  character  of  the 
error.  If,  for  instauce,  we  bring  a  piece  of  iron  near  a  magnet, 
it  is  attracted,  and,  if  allowed  to  move  up  to  the  magnet,  tliis 
force  of  attraction  will  do  a  certain  anion iit  of  work.  Take  now 
another  piece  of  iron  similar  to  the  first ;  this  also  will  be  at- 
tracted, and  a  certain  amount  of  work  will  l)e  performed,  but  a 
less  amount  than  that  done  in  the  first  instance.  Continue  the 
operation  until  the  magnet  no  longer  attracts  ;  then  tin;  magnet 
has  done  a  definite  amount  of  work,  and  lost  the  power  of  doing 
more.  To  restore  it  to  its  original  condition  we  must  lemove 
all  the  pieces  of  iron  ;  this  will  require  an  expenditure  of  exter- 
nal work  exacth'  equal  to  that  originall}'  performed  by  the 
magnet. 


XXXir.     MACNETO-ELECTRIC  AND  CURRENT  TXDT^CTIOX. 


§199.     Introductory  Experiments.  — Experiment  1.     Con- 
nect a  helix  with  a  (Ic'licate  iialvaiioiiii'ter  (FI.l:;."  1()5)  and  quickly  thrust 
a  magnetized  steel  rod  into  the  coil.     What  evidence  have  you  that  a- 
pjg   165  current  of  electricity  is   induced 

in  tlie  helix?  Does  this  curreut 
coritinue,  or  is  it  only  momentary? 
Quickly  remove  the  majjnet.  Wliat 
is  the  result  in  this  case?  Re- 
peat the  experiment.  When  the 
magnet  approaclies  the  coil  what 
is  the  direction  of  the  induced 
current  as  compared  with  that  of 
the  amperian  cux'rents  in  the  mag- 
net as  represented  in  Figs.  IGfi  and 
1G7?  Wliat  is  the  direction  of 
the  induced  current  when  the 
mageni't  is  withdrawn?  If  you 
determine  these  directions  cor- 
rectly you  will  see  that,  in  the  former  case,  tlie  repulsion  due  to  oji- 
posite  currents  nuist  act  as  a  resistance  to  the  force  that  brings  them 
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Fig.  168. 


together.     Likewise,  in  the  latter  case,  the  attraction  due  to  currents 

flowing  in  tlie  same 

,.        ^.  ^         .  Fig.  I66.  Fig.  167. 

direction  must  X'esist 

the  force  tliat  sepa- 
rates them.  Hence. 
ihe  energy  shown  hij 
the  electric  current 
has  been  generated  at 
the  expense  of  mech'in- 
ical  energy. 

Experimen  t  2. 
Place  within  the  coil 
a  core  of  soft  iron,  AVra'c  back  and  fortli  over  one  extremity  of  the 
core,  one  of  the  poles  of  a  powerful  bar-magnet.  Now  repeat  the 
experiments  with  the  opposite  p  )le  of  the  magnet.  What  are  the  phe- 
nemena  observed?  Are  they  such  as  you 
would  expect?     "Why? 

§  200.  I.Iag-neto  and  dynamo 
machines.  —  If  the  permunent  mag- 
net is  stationar^^  and  the  electro- 
magnet is  moved  back  and  foi-th, 
the  result  is  the  same  as  when  tlie 
magnet  was  moved  and  the  electro- 
magnet was  stationary.  Machines 
constructed  for  the  purpose  of  gener- 
ating electric  currents  in  this  manno:- 
are  called  ma'pif^to- elect rical  machines. 

Fig.  168  will  give  a  general  idea  of  the 
construction  of  the  simpler  kinds  ot 
magneN)  machines.  N  S  is  a  permanent 
compound  horse-sh  )e  magnet.  E  E  are 
coils  containing  cores  of  .soft  iron  con- 
nected by  the  back  iinmiture,  C  C,  the 
whole  constituting  a  sort  of  armature 
to  the  permanent  magn't.  The  brass  axle,  D  D,  is  rigithy  connected 
with  the  back-armature,  C  C,  so  that  when  the  axle  is  rotated  by  means 
of  the  crank.  A,  both  helices  are  carried  around  with  it.  Now,  suppose 
the  crank  to  be  turned ;  during  the  first  quarter  of  a  revolution  a  sep- 
iiration  of  poles  occurs,  and  currents  of  electricity  are  established  in 
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both  helices.  The  wire  that  constitutes  the  helix  is  wound  in  opposite 
directions  around  the  two  cores,  so  that  the  two  currents  may  not  flow 
in  opposite  directions  through  the  wire,  and  thereby  neutralize  one  an- 
other, but  may  have  a  common  direction,  and  thereby  produce  a  current 
of  double  the  electro-motive  force  that  would  be  produced  in  a  single 
helix.  During  the  second  quarter-revolution  the  poles  approach  one  an- 
other, and  the  effect  would  be  to  reverse  the  current ;  but  the  polarity  of 
the  cores  also  change  as  they  are  now  brought  under  the  influence  of  the 
poles  which  they  are  approaching,  and  this  double  cliange  leaves  the  cur- 
rent to  flow  in  the  same  direction  as  it  did  before.  At  the  end  of  a  half 
revolution  there  is  a  reversal  of  current,  as  the  poles  do  not  change  at 
this  point.  The  result  is,  that  during  every  revolution  there  is  a  cur- 
rent half  of  the  time  in  one  direction  and  lialf  of  tlie  tune  in  the  oppo- 
site direction.  In  order  to  secure  a  constant  current  in  one  direction, 
a  current-reverser  I,  or  commutator,  as  it  is  called,  attached  to  the  axle, 
is  so  arranged  that  (hiring  one  half  of  the  revolution  of  tlic  axis  m  is 
connected  with  G  and  n  with  H,  Avhile  during  the  other  half  m  is  con- 
nected with  II  and  n  with  G,  so  that,  although  we  have  alternating  cur- 
rents in  the  helix-wire  nm,  we  have  currents  all  in  the  same  direction 
in  the  wires  G  H,  which,  of  course,  must  be  connected  to  close  the 
circuit. 


Each  of  the  two  currents  produced  in  a  single  revolution  has  a 

maximum  point,  or  point  of 
greatest  intensity,  when  the 
cores  are  nearest  the  poles  of 
the  magnet;  and  a  minimum 
point,  or  point  of  least  intensity, 
when  they  are  farthest  from  the 
poles.  Between  these  two 
points  the  current  is  constantly 
growing  or  diminishing.  It  is 
apparent  that  such  a  machine 
gives  not  only  an  intermittent 
current,  but  one  that  resembles 
a  succession  of  waves  or  a 
stream  produced  by  the  strokes 
of  a  pump,  alternately  rising 
and  sinking.  But  for  most 
employed,  it  is  Important  that  the 
Figure   If,;)  will  serve  to 


purpo.ses  for  which  electricity  i 

current  should  l)e  continuous  and  uniform. 

Illustrate  tlie  principle  by  which  this  is  secured  in  the  widely-known 

Gramme  machine, 
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The  armature  ns  consists  of  a  ring  composed  of  a  bundle  of  soft 
iron  wires  (better  sliown  in  Fig.  169  a)  surrounded  by  wliat  is  virtually 
an  endless  coil  of  wire.  The  wire,  however,  is  put  on  in  separate 
coils,  the  in-wire  of  one  united  to  the  out-wire  of  the  next,  and  from 
each  junction  a  branch  wire  is  led  to  a  copper  plate  on  the  axis  of 
rotation  mm.  A  horse-shoe  magnet  NS  (only  a  portion  of  which  is 
shown  in  the  cut)  is  so  placed  that  one-half  of  the  riug  is  under  the 
influence  of  the  N-pole,  and  the  other  half  under  that  of  the  S-pole. 
Suppose  the  ring  to  rotate  in  the  direction  of  the  arrow ;  then  every 
point  of  the  iron  core,  as  it  comes  opposite  a  given  point  of  the 
magnet,  will  successively  become  a  pole  of  opposite  name,  while  the 
points  i  and  i'  are  the  neutral  points.  If  we  imagine  the  core  to  be 
divided  at  the  points  n  and  s,  we  have  two  semicircular  magnets  whose 
north  poles  and  whose  south  poles  respectively  face  one  another.  In 
the  two  mutually-facing  poles  On  either  side,  the  Amperian  currents 
must  be  in  opposite  directions.  Now  an  attentive  study  of  this  ideal 
diagram  in  the  light  of  what  you  have  previously  learned  respecting 
the  generation  of  induced  currents  will  enable  you  to  see  that  as  the 
ring  armature  rotates,  the  corresponding  advance  of  the  induced  poles 
of  the  ring  will  induce  currents  in  the  wire  in  such  a  manner  that  all 
the  coils  which  at  any  given  moment  are  in  the  semicircle  next  one  of 
the  magnet  poles  —  say  the  North  —  are  traversed  by  a  current  of  one 
direction.  Similarly,  the  semicircle  formed  by  the  coils  immediately 
approaching,  or  immediately  receding  from  the  South  pole  are  at  the 
same  time  traversed  by  a  current  of  the  opposite  direction.  The  result 
is  that  currents  in  the  lower  half  tend  toward  the  point  m  on  the  axis, 
and  in  the  upper  half  from  point  m'.  So  long  as  the  leading  out-wires 
from  these  points  are  open,  these  currents  have  no  outlet,  and  conse- 
quently oppose  and  neutralize  one  another.  But  if  the  points  m  and 
m'  are  connected  by  a  wire  L,  we  shall  have  a  constant  and  non-alternat- 
ing current  flowing  through  the  wire  from  m  to  m'.  The  contact  at 
tliese  points  is  made  by  im.miis  of  brushes  of  copper,  provided  as 
springs.  These  press  on  the  contact  pieces  and  make  practically  a 
constant  connection  with  the  two  halves  of  the  circuit. 

Inasmuch  as  an  electro-magnet  may  be  made  a  much  more  powerful 
magnet  than  a  permanent  magnet,  it  is  now  extensively  used  as  the 
inducing  or  the  so-called  field  mar/net.  Such  a  machine  is  called  a 
dynamo-electrical  machine^  or  often  more  briefly  a  dynamo.  Figure 
169  h  represents  such  a  machine.  EE  is  the  stationary  field  magnet, 
A  the  moving  armature,  and  N  and  S  large  pole-pieces  brought  as 
near  as  practicable  to  the  arrnature  and  partially  encircling  it.    Whejj 
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the  machine  is  at  rest  there  are  uo  currents ;  but  wheii  the  armature  is 
iu  iiiotiuii  the  residual  magnetism  (a  small  part  of  the  magnetism 
Avhich  soft  iron  always  retains  after  it  lias  l)een  magnetized)  induces 
at  first  a  \veal<  cmTcnt  in  tlie  wire  of  tlie  armature;  but  as  a  p(n-tion  of 
this  current  is  carried  bj'  means  of  a  shunt-wire,  /,  through  the  coil  of 


Fig.  ley  b. 


Plg.f> 


thi-  Held  magnet,  and  magnetizes  the  core  more  and  more  strongly, 
the  current  in  both  the  shunt,  1,  and  the  main  Avire,  L,  quickly  reaches  its 
maxinnnn. 

In  the  dynamo-electric  machine  the  E.M.F.  may  be  increased  (^§  201) 
l>y  increasing  the  rate  of  revolution  of  tlu-  armature.  Two  dynamos, 
A  and  IJ,  are  alike  in  all  respects  but  one:  A  has  twice  as  many  turns 
in  the  armature  coil  as  B.     At  the  same  rate  of  revolution,  whic'.i  will 
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give  the  greater  E.M.F.  ?  To  increase  the  number  of  turns  in  the  anna- 
tnre  coil  malves  it  necessary  to  use  smaller  wire,  since  the  space  is  lim- 
ited. AVhat  effect  has  this  on  the  resistance  of  the  circuit  the  induced 
current  must  traverse?  The  whole  circuit  includes  the  armature-coil,  the 
coils  of  the  field-magnets  and  the  working  or  outer  part  of  tlie  cir- 
cuit. The  fleld-magnet  coils  and  the  working  or  main-line  wire  are 
sometimes  arranged  in  nmltiple  arc,  as  in  Fig.  IGOi,  and  sometimes  in 
series.  This  arrangement,  as  Avell  as  -the  winding  of  the  armature, 
depens  upon  the  work  for  which  the  machine  is  intended.  If  the  work- 
ing-line wire  has  a  very  high  resistance,  should  the  armature  be  wound 
with  many  turns  of  flue  wire  or  with  fewer  turns  of  coarser  wii-e?  In 
constructing  dynamos  care  must  be  taken  to  have  every  wire  of  sucli 
size  that  the  current  passing  through  it  when  the  dynamo  is  at  full 
speed  shall  not  be  sufficient  to  undulv  heat  it. 


§  201.  Current  Induction.  —  If,  in  the  original  ex[)eriment 
in  magneto-electric  induetiou  (§  190),  a  helix  connected  with  a 
battery  is  substituted  for  the  permanent  magnet,  precisely  the 
same  results  are  obtained  as  with  the  magnet.  Indeed,  we  ought 
to  expect  the  same  results.      (Why?)     The  wire  A,  Fig.  170, 


Fig. 170. 


through  which  the  battery-current  circulates,  is  known  in  this 
?ase  as  the  primary  wire,  and  the  battery-current  the  primary 
)r  inducing  current.  The  wire  B,  through  which  the  induced 
mrreuts  circulate,  is  called  the  secondary  wire,  and  the  currents 
;hat  traverse  this  wire  are  frequently  called  secondary  currents, 
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It  will  be  observed  that  in  all  these  experiments  we  have  a 
relative  motion  between  a  conductor  and  an  inducing  body 
(magnet  or  current-bearing  conductor)  ;  also,  that  electricity 
flows  only  during  the  continuance  of  the  relative  motion.  Deli- 
cate measurements  have  proved  that  the  total  quantity  of 
induced  electricity  transmitted  in  the  conductor  depends  on 
the  total  quantity  of  change  in  relative  motion,  and  not  at  all 
on  the  time  occupied  in  this  change.  Hence,  it  is  evident,  that 
the  more  rapid  the  change,  the  more  intense  must  be  the  momen- 
tary current;  i.e.,  the  greater  must  be  the  volume  of  the  cur- 
rent flowing  at  the  moment.  Combining  tliis  statement  with 
Ohm's  law,  remembering  that  the  resistance  of  the  secondary 
circuit  is  constant,  we  derive  the  following  very  important  law : 
In  any  induced  current,  the  E.M.F.  at  any  instant  is  pro2)or- 
tional  to  the  rapidity  of  the  relative  change  at  that  instant. 

If,  instead  of  bobbing  the  primary  helix  in  and  out  of  the  secondary 
helix,  the  former  is  allowed  to  remain  stationary  within  the  latter,  it  is 
found  that  making  and  breaking  (Fig.  170)  the  primary  current,  i.e., 
starting  and  stopping  a  primary  current,  induces  currents  in  the  secon- 
dary wire.  Indeed  this  process  is  evidently  much  the  same  thing  (and 
in  theory  exactly  the  same  thing),  as  moving  the  primary  conductor, 
Avith  unbroken  circuit,  from  an  infinite  distance  where  its  action 
would  be  zero,  into  the  secondary  circuit,  the  whole  change  occupying 
a  very  brief  time.  A  reversal  of  the  process  would  evidently  corre- 
spond to  breaking  the  primary  circuit.  The  results  obtained  in  Exp.  1, 
§  r.t'J,  enable  us  at  once  to  predict  the  direction  of  an  induced  current, 
and  we  may  formulate  the  two  cases  thus  :  — 

(a)  When  the  primary  current  is  approached,  or  a  current  originated  in 
the  primary  circuit,  the  induced  current  has  an  opposite  direction  to  that 
of  the  primary. 

(ft)  At  a  departure  from  the  primary  current,  or  when  a  current  in  a 
primary  circuit  is  stopped,  the  induced  current  has  the  same  direction  as 
the  primary. 

§  202.  Extra  current.  —  The  conclusions  of  the  preceding 
Bectioii  admit  of  an  important  extension.  We  k-arned  that  a»?/ 
electric  or  magnetic  disturbance  in  the  neighborhood  of  a  con- 
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ductor  gives  rise  to  a  current.  But  it  is  evident  that  in  a  single 
wire  ever}^  portion  must  be  considered  as  a  neighboring  conduc- 
tor with  respect  to  every  other  portion  ;  consequently  there  can 
be  no  change  of  electrical  condition  in  a  wire  without  accom- 
panying induction  phenomena.  If  we  suddenly  close  a  circuit 
the  current  does  not  abruptly  assume  its  final  intensity,  because 
there  ie  a  current  induced  in  the  same  circuit  whose  direction  is 
such  as  to  retard  the  change  from  zero.  So,  too,  if  a  closed 
circuit  be  suddenly  broken,  there  is  a  current  induced  in  the 
direction  of  the  primary  current  which  retards  the  change  to 
zero.  These  induced  currents  are  often,  for  the  sake  of  dis- 
tinction, called  extra  currents.  Of  course,  if  all  parts  of  the  con- 
ductor are  kept  close  together  by  winding  the  wire  into  a  helix 
or  a  spiral,  the  effect  is  much  increased.  It  is  evident  that  the 
direct  extra  current  must  produce  a  much  greater  effect  than 
the  indirect,-  because  the  former  is  added  to  the  primary,  while 
the  latter  is  subtracted.  This  is  the  cause  of  the  bright  spark 
on  breaking  a  strong  current,  and  also  of  physiological  effects 
or  shocks  experienced  on  breaking  the  primary  circuit  in  the 
experiment  illustrated  by  Figure  170.  If  a  soft  iron  core  is 
introduced  into  a  helix,  the  extra  currents  are  vastly  increased 
by  the  action  of  the  magnetic  changes.     (Why?) 

§  203.  Induction  coils.  —  If  a  core  of  iron,  or,  still  better, 
a  bundle  of  wires  (A  A,  Fig.  171),  is  inserted  in  the  primary 
coil,  it  is  evident  that  it  will  be  magnetized  and  demagnetized 
every  time  the  primary  is  made  and  broken.  The  starting  and 
cessation  of  Amp^rian  currents  in  the  core  in  the  same  direction 
as  the  primary  current,  and  simultaneous  with  the  commence- 
ment and  ending  of  the  primar}^  current,  greatly  intensifies  the 
secondary  current.  To  save  the  trouble  of  making  and  break- 
ing by  hand,  as  in  Figure  171,  the  core  is  also  utilized  in  the 
construction  of  an  automatic  make-and-break  piece.  A  soft 
iron  hammer  h  is  connected  with  the  steel  spring  c,  which  is  in 
turn  connected  with  one  of  the  terminals  of  the  primary  wire. 
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The  huiuiner  presses  txgaiast  the  point  of  a  screw  d,  and  thus, 
throii<!;h  the  screw,  closes  the  circuit.  But  wheu  a  curreut 
passes  through  the  p  iuiary  wire,  the  core  becomes  magnetized, 
draws  tlie  hammer  av.  ay  frdm  the  screw,  and  breaks  the  cii-cuit. 


The  circuit  Idokeu,  the  core  loses  its  magnetism,  and  the  hammer 
springs  l)ack  and  closes  the  circuit  again.  Thus  the  spring  and 
hammer  vil)rate,  and  open  and  close  the  primary  circuit  with 
great  rapidity.  An  instrument  made  on  these  principles  is 
called  an  induction  coil. 


^  204.  Rulimkorff's  coil.  — This  instrument  has  the  imi)or- 
tant  addition,  to  the  parts  already  explained,  of  a  condenser  BH. 
This  consists  of  two  sets  of  layers  of  tinfoil  separated  by  paraf- 
line  paper;  the  layers  are  connected  alternately  witli  one  and 
the  otiicr  pole  of  the  battery,  as  the  figure  shows,  so  that  tliey 
serve  as  a  sort  of  expansion  of  the  primary  wire.  AVhcn  the 
ciiTiiit  is  broken,  the  extra  current  would  jump  across  at  b,  and 
would  vaporize  the  points  of  contact,  and  form  a  bridge  with  the 
vapijr  of  metal  that  would  prolong  the  time  of  breaking.     But, 
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when  the  condenser  is  attached,  the  extra  current  finds  an 
escape  into  it  easier  than  to  jump  across  at  6,  so  the  vaporizing 
of  the  contact  is  avoided,  and  the  time  of  breaking  l)eing  much 
shortened,  the  secondary  is  much  more  intense. 

The  primary  helices  of  induction  coils  consist  of  comparatively 
few  turns  of  coarse  insulated  wire  ;  but  the  secondary  helices 
contain  many  turns  of  very  fine  wire,  insulated  with  great  caie. 
The  secondary  current  is,  at  breaking,  as  we  ouglit  to  expect 
from  the  extreme  rapidity  with  which  the  primary  circuit  is 
broken,  distinguished  from  the  primary,  or  galvanic  current,  by 
its  vastl}'  greater  tension,  or  power  to  overcome  resistances. 
A  coil  constructed  for  Mr.  Spottiswoode  of  London  has  two 
hundred  and  eighty  miles  of  wire  in  its  secondary  coil.  With 
five  Grove  cells  this  coil  gives  a  secondar}'  spark  forty-two  inches 
long,  and  perforates  glass  three  inches  thick.  Many  brilliant 
experiments  ma\'  be  performed  witli  these  coils  which  will  be 
Indicated  in  connection  with  frictionul  machines. 


XXXIII.     THERMO-ELECTRICITY. 

§  205.  So  far  in  our  experiments  we  have  obtained  a  current 
of  electricity  by  using  the  potential  energy  due  to  the  chemical 
affinity'  of  zinc  and  sulphuric  acid,  or  by  expending  mechanical 
energy  ;  can  we  not  also  get  a  current  directly  from  the  molec- 
ular energy  that  we  know  as  heat? 

Experiment.  Insert  in  one  screw  cup  of  a  sensitive  galvanometer 
an  iron  wire,  and  in  the  other  cup  a  copper,  or,  better,  a  German  silver 
wire.  Twist  the  other  ends  of  the  wire  together,  and  heat  tliem  at 
their  junction  in  a  llame ;  a  deflection  of  the  needle  shows  tliat  a  cur- 
rent of  electricitj'  is  traversing  the  wire.  Place  a  piece  of  ice  at  their 
junction.  A  deflection  in  the  opposite  direction  shoAVS  that  a  current 
now  traverses  tlie  wire  in  the  opposite  direction. 

These  currents  are  named,  from  their  origin,  thermo-electric. 
The  apparatus  required  for  the  generation  of  these  currents  is 
very  simple,  consisting  mei'ely  of  bars  of  two  different  metals 
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joined  at  one  extremit}*,  and  some  means  of  raising  or  lowering 
their  temperature  at  their  junction,  or  of  raising  the  temperature 
at  one  extremity  of  the  pair  and  lowering  it  at  the  other  ;  for  the 
electro-motive  force,  and  consequentl}'  the  strength  of  the  cur- 
rent, is  nearly  proportional  to  the  ditference  in  temperature  of 
the  two  extremities  of  the  pair.  The  strength  of  the  current  is 
also  dependent,  as  in  the  voltaic  pair,  on  the  thermo-electro- 
motive  force  of  the  metals  employed.  The  following  thermo- 
electric series  is  so  arranged  that  if  the  temperatures  of  both 
junctions  are  near  the  ordinary  temperatures  of  the  air,  those 
metals  farthest  removed  from  each  other  giA'e  the  strongest  cur- 
rent when  combined  ;  and  the  current  passes,  when  heated  at 
their  junction,  from  the  one  first  named  to  that  succeeding  it. 
The  arrows  indicate  the  direction  of  the  cui-reut  at  the  heated 
and  cold  ends  respectively.     At  high  temperatures  the  current 

may  be  reversed. 
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§  206.    Thermo-electric  batteries  and  thermo-pile. — 
The  electro-motive    force  of    the  thermo-electric  pair  is  very 
small  in  comparison  with  that  of  the  voltaic  pair ;         j-j„  j-g 
hence  the  greater  necessity  of  combining  a  huge 
nuuilter  of  pairs  with  one  another  in  series.     This 
is  done  on  the  same  principle,  and  in  the  same 
manner,  that  voltaic  pairs  are  united,  viz.,  by  join- 
ing the  +int'tal  of  one  pair  to  the  —metal  of  an- 
othrr.     Fiuiiri'  172  represents  such  an  arrange- 
ment.    The  light  bars  are  bismuth,  and  the  dark 
ones  antimony.     If  the  source  of  heat  is  strong: 
and  near,  by  either  conduction  or  convection  one  face  may  be 
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heated  much  hotter  than  the  other,  and  a  current  equal  to  that 
from  an  orduiarj  galvanic  cell  is  often  obtained.  Instruments 
constructed  on  these  principles,  and  used  as  a  source  of  elec- 
tricity, are  very  convenient  and  efficient  for  many  purposes, 
especially'  when  a  steady  current  is  required  with  small  external 
resistance  ;  they  are  called  thermo-electric  batteries. 

If  the  source  of  heat  is  feeble  or  distant,  the  feeble  current 
may  serve  to  measure  the  difference  of  temperature  between  the 
ends  of  the  bars  turned  toward  the  heat  (as  in  Figure  172) 
and  the  other  ends,  which  are  at  the  temperature  of  the  air. 
The  apparatus,  when  used  for  this  purpose,  is  called  a  thermo- 
pile., or  a  thermo-midtiplier .  A  combination  of  as  many  as 
thirty-six  pairs  of  antimony  and  bismuth  bars,  connected  with 
a  very  sensitive  galvanometer,  constitutes  an  exceedingly  deli- 
cate thermoscope  and  thermometer.  Quantities  of  heat,  that 
would  not  perceptibly  expand  the  mercury  in  an  ordinary'  ther- 
mometer, can,  by  the  use  of  .a  tliermo-electric  pile,  be  made  to 
produce  large  deflections  of  the  galvanometer  needle.  Heat 
radiated  from  the  body  of  an  insect  several  inches  from  the  pile 
may  cause  a  sensible  deflection. 

Some  contrivance  by  which  heat  energy  may  be  directly  trans- 
formed to  diff'erence  of  electrical  potential,  capable  of  doing  as 
much  work,  or  nearly  as  much  work,  as  the  heat  itself  can  do, 
is  very  much  to  be  desired.  When  discovered,  as  it  probably 
will  "be  in  time,  it  will  supersede  all  present  methods  of  produc- 
ing the  electric  current.  In  the  thermo  pile  heat  energy  is 
transformed  to  difference  of  electrical  potential ;  but  the  coutriv- 
ance  is  not  efficient ;  too  much  of  the  heat  energy  is  dissipated. 
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XXXIV.     FRICTIONAL    ELECTRICITY. 

§  207.  Mechanical  energy  transformed  into  electrifi- 
cation.—  Kxperiment.  Prepare  an  insulated  stool  (see  §  214)  hy 
placiuf^  a  square  board  ou  four  dry  aud  clean  glass  tumblers,  used  as 
legs.  Let  a  person  whom  we  will  call  John  stand  on  this  stool,  and 
let    a    second    person, 

James,    strike    John    a  Fi;-'  its. 

few  times  with  a  cat's 
fur.  Then  let  James 
bring  a  knuckle  of  a 
linger  near  to  some  part 
of  John's  person,  for 
instance  a  knuckle  of 
his  hand,  or  his  chin  or 
nose;  an  electric  spark 
will  pass  between  the 
two,  and  both  will  expe- 
rience a  slight  shock. 
The  length  of  the  spark 
shows  that  the  electri- 
city is  urged  by  a  high 
E.M.F.,  like  the  induced 
currents  of  the  magneto-machine  and  induction  coil. 

As  mechanical  energy  is  transformed  into  a  kind  of  molecular 
motion,  or  internal  energ}-,  called  heat,  when  one  hammers  an 
anvil,  so  in  this  case  a  portion  of  the  motion  of  the  fur  at  each 
stroke  is  transformed  into  another  phase  of  internal  energy  known 
a3  electrification.  Electricity  made  apparent  in  this  manner  is 
c.nllod  fricdonnl  electricity,  because  the  electrification  fi-.  174. 
is  developed  by  friction  between  two  surfaces. 

§208.  Electroscope. — Experiment.  Suspend  in 
a  loop,  tied  in  a  while  silk  thread,  a  strip  of  gold  foil  20'''" 
long  and  15"""  wide,  so  that  the  two  vertical  portions  may 
be  near  each  other.  After  John  has  been  struck  a  few 
times  Willi  tlu'  fur,  let  him  bring  a  finger  gradually  near  the  upper  ex- 
tremity of  the  foil;  the  two  portions  of  the  foil  gradually  diverge, 
as  in  Figure  17-4,  iudicatiug  the  presence  of  an  unusual  force  iu  his  bodj^. 
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"We  have  already  found  that  this  force  is  due  to  electricity. 
Bodies  in  this  state  are  said  to  be  charged  with  electricity,  or 
simply  electrified.  Such  electi'ification  in  a  person  is  often 
manifested  by  a  divergence  of  hair  on  his  head.  An}'  ar- 
rangement, like  that  of  the  foil  just  described,  intended  to 
detect  the  presence  of  electrification,  is  called  an  electroscope. 
One  of  the  most  common  and  useful  electroscopes  consists 
of  one  or  two  pith-balls,  made  from  the  pith  of  elder  or 
sunflower,  suspended  by  silk  thread.  If  an  electroscope  is 
brought  near  to  either  pole  of  a  secondary  wire  of  an  induction 
coil,  a  similar  electrification  is  manifested  by  the  poles.  Like- 
wise, b}-  means  of  very  delicate  electroscopes,  the  poles  of  a 
galvanic  battery,  or  of  a  thermo-battery,  are  found  to  be  feebly 
electrified. 

>  209.  Attractions  and  repulsions.  —  Experiment  l.  Poise 
a  flat  wooden  ruler  on  an  inverted 
bottle  or  flask,  having  a  round  bot- 
tom, as  in  Fig.  175.  Draw  a  rubber 
comb  two  or  three  times  through  your 
hair,  or  rub  it  with  a  woolen  cloth,  and 
place  it  near  one  end  of  the  ruler. 
What  takes  place?  What  does  the 
phenomenon  indicate? 

Experiment  2.  Hold  the  comb  over 
a  handful  of  bits  of  tissue-paper. 
What  is  the  result  at  first?  What 
takes  place  in  a  short  time?  What 
do  these  phenomena  indicate? 

§  210.  Two  states  of  electri- 
city. —  It  is  quite  apparent  that  we  are  now  dealing  with  a  very 
different  class  of  electrical  phenomena  from  any  that  we  have 
previously  observed.  It  is  also  quite  as  obvious  that  we  are 
dealing  with  electricity  in  a  verj'  diflferent  state  or  condition 
from  that  in  which  we  have  before  studied  it.  Hitherto  we 
have   studied  only   those  phenomena   produced  by  electricity 
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when  in  motion  ;  and,  inasmuch  as  when  in  that  state  its  energy 
is  expended  in  work,  or  transformed  into  some  other  form  of 
energ}'  as  rapidly  as  it  is  generated,  there  was  no  such  thing 
as  an  accumulation  of  electricity.  In  our  late  experiments 
there  is  wanting  anything  like  a  cuiTent ;  but,  on  the  other  hand, 
we  find  that  electricity  in  this  new  state  may  accumulate,  be 
stored  up.  and  remain  in  a  quiescent  state  for  an  indefinite 
time.  In  the  latter  state  it  is  incapable  of  affecting  a  magnetic 
needle,  magnetizing,  generating  heat,  illuminating,  producing 
decomi)Osition,  or  giving  shocks.  But  we  observe  that  bodies 
charged  with  accumidated  electricity  exhibit  extraordinary 
attractions  and  repulsions,  which  are,  probably,  quite  distinct 
from  the  attractions  and  repulsions  observed  between  parallel 
currents  (§  189). 

This  state  of  electricit}^  is  called  static^  in  distinction  from  the 
current  state,  which  is  often  called  dynamic.  We  have  seen 
that,  under  certain  conditions,  electricity  may  change  from  one 
state  to  the  other,  as  when  the  electricity  which  had  accumu- 
lated in  the  boy  on  the  insulated  stool  passed  to  the  other  boy, 
producing,  in  its  current 
state,  both  illuminating  and 
physiological  effects ;  and 
again,  when  a  current  is 
broken,  the  current  ceases, 
l)nt  electricity  accumulates 
in  the  wire  (see  §  208) .  We 
have  also  learned  that  elec- 
tricity of  high  potential, 
such  as  is  most  readily  de- 
veloped by  friction,  exhib- 
its tlie  static  i»l»enomcna,  i.e.,  attractions  and  repulsions,  most 
strikingly;  but  we  must  be  careful  to  avoid  the  notion  that 
these  arc  peculiar  to  clertricity  so  derived. 

§211.   Two  kinds  of  electriflcation.— Experiment  1.  Beud 
a  small  glass  tube  Into  the  form  represented  by  A,  Figure  176,  and  insert 
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Fig.  177, 


one  end  in  a  block  of  wood,  B,  for  a  base ;  and  suspend  from  the  tube 
a  pith-ball,  C,  by  a  silk  thread.  Rub  a  glass  rod,  D,  with  a  silk  handker- 
chief, and  present  it  to  the  ball.  Now,  rub  a  stick  of  seaUng-wax,  or  a 
hard-rubber  ruler,  with  flannel,  and  pre- 
sent it  to  the  ball,  which  has  just  been 
in  contact  with  the  excited  glass  rod. 

Experiment  2.  Suspend  two  glass 
rods  that  have  each  been  rubbed  with 
siUv  in  two  wire  stirrups  (Fig.  177),  and 
present  them  to  each  other.  Suspend 
two  sticks  of  sealing-wax  that  have  been 
rubbed  with  flannel  in  the  same  manner. 
Now,  in  a  like  manner,  present  one  of 


the  glass  rods  and  one  of  the  sticks  of 


sealing-wax  to  each  other. 


Fig.  178. 


Experiment  3.  Make  a  pin- 
hole in  each  end  of  a  hen's  egg, 
and  blow  its  liquid  contents  out. 
Apply,  with  flour  paste,  tin-foil 
smoothly  to  the  surface  of  the 
sheU,  and  completely  cover  It. 
With  a  drop  of  melted  sealing-wax 
attach  one  end  of  a  silk  thread 
midway  between  the  ends  of  the 
shell,  so  that  it  may  be  suspended, 
as  in  Fig.  178.  Repeat  Experi- 
ment 1  with  the  shell  as  with  the 
pith-ball.  Carefully  note  the  phe- 
nomena in  the  above  experiments. 
What  conclusions  do  you  draw 
from  them  ? 


It  is  evident  (1)  that  there 
are  two  kinds  or  conditions  of 
ehctrijication ;  or,  for  convenience,  we  sometimes  say  tivo  kinds 
of  electricity;  (2)  that  they  are  so  related  to  each  other  that 
like  kinds  repel  and  unlike  kinds  attract  07ie  another.  The  two 
liinds  are  usually  distinguished  from  one  another  by  the  names 
positive  and  negative,  or,  more  briefly,  as  -j-e  and  — e.  The 
former  is,  by  definition,  such  as  is  developed  on  glass  when 
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rubbed  with  tUiuuel,  and  the  latter  is  the  kind  developed  on 
sealii)g-wax  when  rubbed  with  flannel.  There  is  no  reason, 
except  custom,  for  calling  the  one  positive  rather  than  the  other. 

Experiment  4.  Once  more,  rub  a  stick  of  sealiug-wax  with  a  flan- 
nel, and  pri'sent  the  flannel  to  a  pith-ball.  What  is  the  result?  Let  the 
pith-ball  touch  the  flainiel.  What  takes  place?  Now,  innnediately  pre- 
sent the  stick  of  sealhij^-wax  to  this  pith-ball.  What  is  the  ettect? 
What  do  the  results  of  these  experiments  show?  Kemove  the  electrifl- 
cation  of  the  pith-ball  by  touching  it  with  your  hand,  and  repeat  the 
experiments,  using  the  glass  rod  and  flannel. 

One  kind  of  electrification  is  never  developed  alone  ;  when  two 
iiubstances  are  rubbed  together,  both  always  become  oppositely 
electrified,  and  to  an  equal  amount.  In  general,  whenever  amj 
electricity  of  either  sign  is  developed,  an  equal  quantity  of  the 
other  in  to  be  found.  (Ascertain  the  kind  of  electrification 
developed  on  a  rubber  comb  when  it  is  passed  through  the  hair  ; 
also  the  kind  developed  on  a  person  when  whipped  wi  h  fur,  by 
presenting  the  bodies  whose  electrification  is  to  be  tested  to  a 
body  Laving  a  known  electrification.) 

Fisr.  IT'.i. 


^212.  Induction.  —  Experiment.  Snspi'iid  two  eirii-slu-Us. 
pn|i.in(l  as  nl)ove.  .so  as  to  touch  one  another,  end  lo  end.  ;i-<  in  Flu- 
17'.).     Hold  near  to  one  end  of  the  shells,  1}ut  not  to  touch,  :i  sealing-wax 
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rod  excited  with  flannel,  and  tlierefore  having  — e.  Wliile  the  rod  is  in 
tliis  position,  carry  a  thin  strip  of  tissue-paper,  or  a  pith-ball  suspended 
by  a  silk  tliread,  along  the  eggs,  not  allowing  it  to  touch  them.  Where 
do  you  find  the  attraction  strongest?  Electrify  your  pitli-liall  negat  ively, 
by  allowing  it  to  touch  the  rod  I)  for  a  moment.  Again  present  the 
pith-ball  to  the  eggs.  Are  they  electrified  alike?  If  not,  wliich  is  -|-^« 
and  which  is  — ^■''?  Separate  B  from  A  three  or  four  inches  Avliile  D  is 
still  in  position.  Remove  D,  and  again  present  your  negatively  electri- 
fled  pitli-ball  to  the  eggs.     Are  they  still  electrilied? 

We  learn  from  this  experiment  that  without  transference  of 
electricity  from  the  exciting  body,  or,  as  it  is  usually  expressed, 
l)y  inilucLion,  we  may  charge  at  the  same  time  two  bodies,  one 
with  -f-e,  and  the  other  with  — e. 

§  213.  Discharge.  —  Experiment.  Bring  the  two  shells  oppo- 
sitely charged  near  one  another;  when  near  enough  they  exhibit 
nuitual  attraction  for  one  another.  On  bringing  them  still  nearer,  a 
spark  passes  between  them,  their  mutual  attraction  suddenly  ceases, 
and  on  testing  them  with  an  electroscope,  it  is  found  that  both  have 
lost  their  electrilication,  i.e.,  both  have  become  discharged. 

Wlien  ttvo  bodies  containing  equal  amounts  of  opposite  electri- 
cities are  brought  together.,  both  become  discharged.  During 
tlie  process  of  discharge,  the  electricity  which  was  previousl}'  in 
a  condition  of  rest,  or  a  static  state,  assumes  a  condition  of 
motion,  or  a  dynamic  state,  as  is  shown  by  a  spark  passing 
between  the  two  bodies  when  brought  near  one  another.  One 
of  the  bodies  —  that  positively  charged  —  is  at  a  potential  higher 
than  that  of  the  earth,  the  other  being  low^er.  When  they  are 
brought  sufficiently  near,  the  tendency  for  the  electricity  to  pass 
from  the  region  of  higher  potential  becomes  strong  enough  to 
penetrate  the  insulating  air  and  establish  a  condition  of  equili- 
brium. In  this  particular  case  the  result  is  zero  potential  or 
no  electrification  ;  but  in  general  both  bodies  wo'uld  be  left  at  a 
like  condition  of  electrification,  its  sign  depending  upon  the 
sign  of  that  electricity  which  was  in  excess. 

We  may  now  understand  how  it  is  that  au  electrified  body 
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attracts  to  itself  liglit  bodies  in  its  vicinity.  For  example,  a 
stick  of  sealing-wax,  excited  with  — e,  brought  near  a  pith-ball, 
induces  -j-e  next  itself  and  repels  — e  to  the  farthest  side.  Two 
forces  are  in  action  between  the  sealing-wax  and  the  pith-ball : 
attraction  between  the  — e  of  the  sealing-wax  and  the  -j-e  of  the 
l)ith-ball,  and  repulsion  between  the  — e  of  the  sealing-wax  and 
the — fi  of  the  pith-ball.  But  since  the  distance  is  less  in  the 
ln-.st  case,  the  attraction  exceeds  the  repulsion. 

§  214.  Insulation. — Experiment.  Bring  agaiu  the  electrified  seal- 
iug-wax  uear  one  cud  of  one  of  the  shells ;  the  shell  becomes  polarized, 
that  is,  the  opposite  ends  become  oppositely  electrified.  Touch  the  shell 
with  the  finger.  Through  your  body  the  negative  charge  is  driven  to 
the  earth,  while  the  positive  charge  remains  in  proximity  to  the  rod. 
(Explain.)  Remove  the  finger,  aud  afterwards  remove  the  rod;  test 
the  shell,  aud  you  will  find  that  it  is  charged  with  electricity.  (Is  it 
— e  or  4-e?)  Touch  this  shell  with  the  other  shell,  then  separate  them. 
Test  them,  and  you  find  that  they  have  the  same  kind  of  electrification. 
It  is  evident  that  the  first  shell  became  electrified  by  induction  and  the 
last  shell  by  conduction.  Touch  with  the  finger  one  of  the  shells ;  it 
loses  its  electrification. 

When  you  touch  the  shell  with  your  finger,  the  electric  charge 
diffiises  itself  thi-ough  3'our  body  and  the  earth.  It  is  evident 
tliat  the  electricity  could  not  traverse  the  silk  thread,  otherwise 
we  could  not  have  charged  the  shell.  Substances  which  do  not 
allow  electricity  to  pass  readily  through  them  are  called  non- 
conductors or  insulators.  A  body  that  is  to  receive  a  permanent 
charge  of  electricity  must  be  insulated,  i.e.,  have  no  connection 
with  the  earth  through  a  conducting  substance.  Some  of  the 
best  insulating  substances  are  dry  air,  ebonite,  shellac,  resins, 
glass  (free  from  lead,  e.g.,  common  bottle  glass),  silks,  and 
furs.  In  experiments  with  electricity  in  the  statical  state,  the 
E.  M.  F.  is  in  general  so  much  greater  than  when  a  ealvanic 
battery  is  the  source  of  electricity,  that  substances  —  such  as  dry 
wood,  for  instance  —  which  are  practically  good  insulators  in  the 
latter  case  are  not  so  regarded  in  the  former  Moisture  greatly 
iujurcs  the  insulation  of  bodies. 
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§  215.  Electrification  confined,  to  the  external  surface. 
'—Experiment  1.  Place  a  tin  fruit-can  on  a  clean,  dry,  glass  tumbler 
(Fig  ISO).  Fasten  a  circular  disk,  a,  of  tin,  15'""i  in  diameter,  to  one  end 
of  a  rod  of  sealing-wax.  Charge  the  can  heavily  with  electricity  from 
an  electrical  machine  (see  §  217).  Through  an  orifice,  c,  in  the  can 
introduce  the  disk,  and  touch  the  interior  surface  of  the 
can.  Withdraw  the  disk  and  present  it  to  an  electroscope. 
Is  the  disk  electrified?  Now  touch  the  exterior  surface  of 
the  can  with  the  disk,  and  present  it  to  the  electroscope. 
Is  the  disk  electrified  this  time? 


Experiment  3.  Attach  to  the  can  a  gold-foil,  or  double 
pith-])all  electroscope,  and  put  into  the  can  a  few  feet  of 
metal  chain.  Fasten  the  outer  end  to  a  rod  of  glass,  or 
some  other  insulator,  and  charge  the  can  till  the  leaves  of  the  electro- 
scope diverge  widely.  Then  draw  up  the  chain  by  the  glass  rod ;  the 
leaves  come  together  somewhat.  What  does  this  indicate?  Drop  the 
chain  into  the  can ;  the  leaves  separate  again,  showing  that  the  charge 
had  not  been  lost. 

These  experiments  show  (1)  that  no  electricity  Cfin  be  found 
inside  of  a  hollow-charged  body  ;  or,  roughly  stated,  electricity 
at  rest  resides  on  the  exterior  surfaces  of  bodies;  (2)  that 
vjhen  the  exterior  surface  of  an  electrified  body  is  increased  with- 
out increasing  its  mass  or  the  charge,  the  amount  of  electricity  at 
any  point  is  diminished. 

§  216.  Electrical  potential.  —  We  have  seen  that  the 
passage  of  electricitj'  from  point  to  point  sometimes  causes  a 
spark ;  so,  conversely,  the  spark  indicates  the  passage  of  elec- 
tricity. The  passage  of  a  current  from  one  shell  to  the  other 
(Fig.  179)  might  be  proved,  and  its  direction  determined,  b}^ 
connecting  the  shells  by  wires  joined  to  a  suitable  galvanome- 
ter. The  current  would  flow  from  A  charged  with  +e,  to  B 
charged  with  —  e,  thus  showing  that  A  had  a  higher  potential 
than  B.  A  body  charged  with  -fe  is  understood  to  be  one  that 
has  a  higher  potential  than  that  of  the  earth,  and  a  body 
charged  with  —  e  is  one  that  has  a  lower  potential  than  that 
of  the  earth,  the  potential  of  the  earth  being  regarded  for  con- 
venience as  zero. 
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"With  a  very  sensitive  electroscope  it  can  be  shown  that  the 
wires  connected  with  the  plates  of  a  galvanic  battery  are  at 
different  potentials  when  the  circuit  is  broken.  But  the  differ- 
ence of  potential  is  so  small,  compared  with  the  difference  pro- 
duced by  friction,  that  a  thousand  gravity  cells  in  series  give 
a  spark  only  about  y^  of  an  inch  long . 


XXXV.     ELECTRICAL   MACHINES.  —  CONDENSERS,  ETC. 

'  §  217.  If,  then,  for  any  purpose  we  wish  electricity  of  high 
potential,  we  must  use  an  enormous  number  of  cells,  an  induc- 
tion coil,  or,  more  cheaplj-  and  conveuientl}',  an  electrical 
machine  depending  either  on  friction  or  on  the  induction  of  a 
charge  of  electricity.  Brief  descriptions  of  a  few  machines  v,  ill 
now  be  given,  followed  by  a  series  of  experiments  that  may  be 
performed  with  them. 

Fig.  181. 


§  218.  Plate  machine. — It  consists  of  a  positive  or  prime 
conductor  A,  a  nc^rativc  conductor  B,  a  glass  plate  C,  a  rubber  D, 
made  of  two  cushions  of  Icatlier  covered  with  an  amalgam,  four  insu- 
lating supports  E,  F,  G,  and  II,  a  silk  insulating  bag  I,  and  a  brass 
clialn  K,  usf'd  to  conn<'ct  citlior  conductor  with  the  earth.  An  exten- 
sion f)f  the  prime  conductor  L  consists  of  two  combs,  one  on  either 
Bide  of  the  plate ;  their  pointed  teeth  are  turned  toward  the  plate.  M  is 
a  pitU-ball  tlcctroscopg. 
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Fig.  182. 


When  the  plate  is  turned  in  the  direction  indicated  by  the 
arrow,  it  passes  between  the  rubbers,  and  the  friction. generates 
+e  on  the  plate  and  —  e  on  the  rubber.  The  electrified  portion 
of  the  plate  then  passing  through  the  silk  bag  comes  opposite 
the  comb,  when  it  polarizes  the  prime  conductor,  attracting  —  e 
and  repelling  +e.  But  the  —e  escapes  from  the  points  of  tlie 
comb  (see  §  226)  to  the  plate  and  neutraUzes  the  +e  of  the  plate, 
and  thereby  leaves  the  conductor  charged  with  +e.  If  both  con- 
ductors are  insulated  at  the  same  time,  the  mutual  attraction  of 
the  two  kinds  of  electricity  would  prevent  their  becoming  heavily 

charged,  so  one  of  the  con- 
ductors is  always  connected  to 
earth  by  a  chain.  If  -f-e  is 
wanted,  A  is  insulated  ;  if  —  e 
is  wanted,  B  is  insulated. 

§  219.  Electrophorus.  -- 
Experiment.  On  a  circular  disk 
of  sheet-iron  or  tin  26<=™  in  diame- 
ter cement  a  circular  disk  of  vul- 
canite 22"=™  in  diameter.  To  the 
center  of  another  circu- 
lar disk  of  tin  IS"^"^  in 
diameter  (Fig.  182)  ap- 
ply with  heat  one  end  of 
a  stick  of  sealing-wax 
f  or  a  handl  e .  S  trike  the 
surface  of  the  vulcanite 
a  few  times  with  a  cat's 
fur  or  a  fox-tail ;  it  will 
become  electrified  with 
— e.  Then  place  the  tin 
disk  ou  the  vulcanite; 
— e  of  the  vulcanite  will 
polarize  the  disk,  induc- 
ing +e  on  its  lower  sur- 
face and  — e  on  its  upper  surface.  Now  place  a  finger  on  the  disk.  The 
^e  will  escape  through  your  body  to  the  earth,  but  the  +e  will  remain 


Fig.  183, 
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on  the  disk,  hound  by  the  — e  of  the  vulcanite.  Finally,  remove  the 
tlnm-r  and  raise  the  di.slv  by  its  insulating  handle.  Kemoved  from  the 
influencL-  of  the  — e  on  the  vulcanite,  the  -\-e  of  the  disk  is  now  free, 
and  if  a  knuckle  of  one  of  your  hands  (Fig.  183)  is  brought  near  it,  a 
briirlit  spark  wiU  pass  from  it  to  j-our  hand,  and  it  \vill  become  dis- 
charged. 

The  disk  may  be  charged  and  discharged  in  the  same  manner  a  great 
number  of  times  without  again  whipping  the  vulcanite  with  the  fur. 
A  lA'Vclen  jar  (page  250)  may  be  charged  with  this  apparatus  in  a  few 
minutes.  (Is  the  disk  charged  by  conduction  or  induction?  What  are 
the  proofs?) 

§  220.  Continuous  electrophorus.  —  Various  methods 
have  l)een  adopted  for  developing  electricity  continuously  from 
the  electrophorus,  and   more  Fig.  184. 

rapidly  and  with  less  manipu- 
lation than  can  be  done  with 
the  apparatus  above  described. 
Fitxure  184,  from  which  the 
supporting  parts  are  omitted 
lor  the  sake  of  simplicity,  will 
serve  to  illustrate  the  general 
principle  of  such  machines. 

A  is  a  vulcanite  or  glass 
wheel,  Avhich  can  be  rotated  b}-  means  of  a  system  of  wheels 
CC.  About  2"'"  back  of  A  is  a  vulcanite  sector  D,  which  senses 
as  an  inducer,  or  the  same  purpose  as  the  A'ulcanite  disk  of  the 
clc('tr()i)horus.  Opposite  D  and  in  front  of  A  is  a  metallic  comb 
1>.  which  is  connecti'd  with  the  conductor  N.  Let  — e  be  ex- 
cited on  1)  witii  a  cat-skin.  Then  the  conducting  system  NB 
will  be  polarized  by  its  influence ;  —e  will  be  driven  to  its 
farthest  cxtremit}'  N,  and  +e  drawn  to  the  points  of  the  comb 
1>.  Tlien,  since  electricity  escapes  readily  from  points,  the 
+  <'  will  leap  from  B  to  A,  drawn  off  from  the  points  by  the 
—  a  of  1).  But  vulcanite  beins:  a  non-conductor,  only  that 
poriioii  of  the  surface  of  A  will  be  charged  with  -f-e  that  is 
directly  opi)osite  the  comb  B.  The  conductor  BN,  being  de- 
prived of  its  -|-e,  is  left  charged  with  free  — e.    Now,  rotate  .tli§ 
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disk  A.  When  it  has  accomplished  half  a  revolution  that  por- 
tion of  it  which  is  charged  with  -{-e  comes  opposite  another 
comb  B',  which  is  also  connected  with  a  conductor  P.  The  con- 
ductor B'  P  becomes  polarized.  Its  — e  passes  off  from  the 
points  of  B'  to  the  disk  A,  and  discharges  the  -j-e  on  this  disk, 
while  the  conductor  PB'  is  left  charged  with  free -|-e.  It  is 
evident  that  a  constant  rotation  of  A  would  cause  it  to  be  con- 
stantly charged  with  -f-e  at  its  lower  part  by  the  influence  of  the 
sector  D,  and  constantly  discharged  at  its  upper  part,  while  the 
conductor  B  N  is  constantly  receiving  a  charge  of  — e  in  conse- 
quence of  the  loss  of  its  -\-e  ;  and  for  a  similar  reason  the  con- 
ductor B' P  is  constantly, receiving  a  charge  of  -|-e.  With  a 
rapid  rotation  of  the  disk  the  two  conductors  will  be  so  rapidly 
and  highly  electrified,  the  one  with  — e  and  the  other  with  -\-e, 
that,  under  the  influence  of  their  mutual  attraction,  almost  an 
incessant  flow  of  sparks  will  pass  between  them,  even  when  the 
extremities,  P  and  N,  are  sevei'al  inches  apart. 

§  221.  The  Toepler-Holtz  Machine  (Fig- 185)  is  another 
electrical  machine  in  which  electrical  separation  is  pi'oduced  by 
induction  and  convection.  It  is  now  almost  exclusively  used 
instead  of  the  old  friction  machines.  A  stationary  circular 
plate  w,  is  carefully  insulated.  Through  a  hole  in  its  center 
passes  a  spindle  to  which  is  fixed,  by  an  insulating  attachment, 
a  revolving  glass  i)late  O,  a  little  smaller  than  the  stationary 
plate.  On  the  back  of  n  are  two  pieces  of  tin-foil,  cl  and  cl , 
one  at  each  end  of  the  horizontal  diameter.  These  are  covered 
with  pieces  of  paper  coated  with  shellac-varnish  to  insulate 
them  from  the  air.  Two  L-shaped  arms,  y  and  y',  connected 
with  d  and  d',  extend  over  the  plate  O.  Through  the  ends  of 
y  and  y'  pass  screws  armed  at  the  points  with  brushes  of  fine 
brass  wire.  By  turning  these  screws  the  brushes  may  be  ad- 
Justed  so  as  to  approach  as  near  as  may  be  desired  to  the 
revolving  plate.  Two  metallic  combs,  a  and  a',  insulated  from 
each  other  and  from  the  rest  of  the  machine,  are  supported  in 
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front  of  O  and  opposite  the  strips  of  tin  foil  d  nnd  cl .  To  these 
combs  are  attached  the  conductors/and/,  through  which  pass  the 
shding  electrodes  h  and  h' ;  /and/  are  also  connected  with  the 
innt'r  coatings  of  two  Leyden  jars  (§  223),  whose  outer  coatings 
are  connected  with  each  other  by  a  conductor  passing  under  the 

Fig.  185. 
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base  of  the  macliine.  A  metal  rod,  c  c',  provided  at  each  end  with 
a  couili,  for  wliose  center  tooth  a  brush  of  fine  wire  is  substituted, 
is  supported  in  front  of  O  \\\  a  i)osition  at  right  angles  to  tlie 
lino  joining  the  arms  ?/  and  //'.  To  the  front  of  O  are  attached, 
at  cqu:d  intervals,  small  disks  of  tin-foil,  suruT^unted  by  me- 
tallic buttons.  These  disks  are  so  situated  that  when  O  is 
revolved  tlu'sc  buttons  pass  directly  under  the  brass  brushes 
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of  y  y'  and  c  c' .  By  means  of  the  wheel  W,  provided  wlih  a 
belt  passing  round  the  spindle,  the  plate  O  may  be  rapidly  re- 
volved. 

The  action  of  this  machine  is  in  the  main  the  same  as  that  of 
the  Continuous  Electrophorus  (§  220).  It  will  be  observed 
that  it  is  provided  with  tioo  inducers,  d  and  d' .  The  L-shaped 
arms  y  and  y'  enable  the  revolving  plate  O  (by  what  means?) 
to  increase  the  charges  on  the  inducers  d  and  d',  so  that,  though 
these  charges  may  be  small  at  first,  they  rapidly  increase  to  a 
maximum  as  the  machine  is  worked.  If  the  brushes  y  y'  and  c  c' 
are. adjusted  so  as  just  to  touch  the  metallic  buttons  on  O,  the 
infinitesimal  difference  of -potential  always  existing  between  rf 
and  d'  is  enough,  when  the  atmosphere  is  in  a  favorable  con- 
dition, to  start  the  machine.  When  the  condition  of  the  at- 
mosphere is  very  favorable,  the  machine  works  equally  woll 
with  the  brushes  not  touching  the  buttons.  The  two  Leyden 
jars  act  as  condensers,  causing  a  greater  quantity  of  electricity 
to  accumulate  before  the  difference  of  potential  between  the 
two  electrodes  is  sufficient  to  cause  a  spurk  to  pass  between 
them.  The  rod  c  C  has  a  tendencv  to  prevent  a  discharije  tak- 
ing  place  across  the  face  of  the  plate  O.  This  discharge  may 
be  observed  by  working  the  machine  in  the  dark  with  the  I'od^ 
c  t'  removed.  This  rod  also  makes  it  easier  to  stnrt  the  action 
of  the  machine  without  first  charging  d  or  d'  from  some  external 
souixe. 

If  the  atmosphere  is  warm  and  very  dry,  and  the  machine  in 
good  Older,  sparks  may  be  obtained  of  a  length  equal  to  five- 
sixtlis  of  the  radius  of  the  revolving  plate.  The  inducers,  or 
armatures,  as  they  are  generally  called,  must  be  very  carefully 
insulated  from  the  air.  For  this  purpose  it  is  necessary,  from 
time  to  time,  to  renew  the  coating  of  shellac-varnish  at  certain 
points,  particularly  at  the  edge  of  the  revolving  plate.  By 
working  the  machine  in  the  dark,  any  leaks  from  the  armatures 
ma}'  be  easily  seen. 

From  what  you  know  about  electrical  attraction  and  repul- 


274  ELECTRICITY  AND   MAGNETISM. 

sion,  can  you  see  any  reason  why  this  machine  should  be  harder 
to  turn  when  it  is  working  than  when  it  is  not?  That  you  may 
be  able  to  answer  this  (luestion,  examine  very  carcl'ully  any  at- 
tractions and  repulsions  between  the  electricity  on  the  revolving 
plate  and  that  on  other  parts  of  the  machine. 

These  machines  are  now  usually  made  with  an  attachment 
called  a  cvrrent-breaker,  by  means  of  which  the  induced  cur- 
rent between  the  outer  coatings  z  and  z'  of  the  two  Leyden  jars 
is  made  use  of.  The  wire  connecting  these  outer  coatings  is 
cut  and  the  ends  joined  to  two  sliding  electrodes,  which  may  be 
placed  at  any  distance  apart.  If  the  electrodes  of  the  machine 
are  separated  and  those  of  the  current-breaker  are  not  too  far 
apart,  when  the  machine  is  worked  sparks  will  pass  between 
both  the  electrodes  of  the  machine  and  those  of  the  current- 
breaker.  If  the  electrodes  of  the  current-breaker  are  held  in 
the  hands  and  the  machine  is  worked  with  its  own  electrodes  sep- 
arated, a  series  of  shocks  will  be  felt  whose  intensity  will 
deiicnd  upon  the  distance  the  electrodes  of  the  machine  are 
apart.  With  this  attachment  the  Holtz  machine  may  often  be 
made  to  take  the  place  of  an  induction  coil. 

§  222.  Condenser.  —  A  very  important  adjunct  to  an  elec- 
tricMl  machine  is  a  condenser  of  some  kind,  by  means  of  which 
a  large  (piantity  can  be  collected  on  a  small  surface. 

Expcrimmt.  Let  a  person  stand  on  an  insulated  stool  (§  207),  and 
)il;ici'  oiu'  hiiiul  on  the  prime  conductor  of  a  machine.  Let  the  other 
open  li.iiul  |)ress  against  a  plate  of  glass  or  disk  of  vnlcanite,  held  on 
till-  oiM-n  liaiid  of  a  serond  person  standing  on  the  floor.  After  a  few 
turns  of  llio  machine,  lettiie  liand  that  lias  been  on  the  prime  conductor 
grasp  the  free  hand  of  the  second  person.     AVliat  is  the  result? 

II  is  evident  that  by  this  process  an  unusual  quantity  of  elec- 
tricity had  collected  previous  to  the  discharge.  The  exi)lauation 
is  simple.  The  hand  of  the  first  person,  charged  witli  -^e,  acts 
by  induction  through  the  glass  upon  the  second  person,  attract- 
ing — e  to  the  surface  of  the  glass  with  which  his  hand  is  iu 
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contact,  and  repelling  +e  to  the  earth.  Thus,  through  their 
mutual  attraction,  the  two  kinds  of  electricit}-  become,  as  it 
were,  heaped  up  opposite  each  other,  and  yet  are  prevented,  by 
the  insulating  glass,  from  uniting. 


Fig.  186. 
a 


§  223.  Leyden  jar.  —  The  most  convenient  form  of  con- 
denser is  the  Leyden  jar.  Ooat  a  green  glass  quai't 
fruit-jar  (Fig.  18G),  within  and  without,  for  about 
two-thirds  its  hight,  with  tin  foil,  using  flour  paste. 
Close  the  mouth  with  a  cork  saturated  with  hot 
parafflne.  Through  the  cork  pass  a  stout  brass  wire 
till  it  touches  the  inner  foil.  Cast  a  lead  bullet  a  on 
the  exposed  end  of  the  wire.  Clean,  warm,  and  var- 
nish the  exposed  glass  surface  of  the  jar,  and  when  tliorougldy 
dry  it  is  ready  for  use. 

The  jar  may  be  charged-  by  connecting  one  of  its  coatings 
with  the  -+- conductor,  and  the  other  with  the  —conductor  of  an 
electrical  machine,  or  by  connecting  one  of  the  coatings  with 

one  of  the  conductors,  and  the  other  with 
the  earth.  Or  it  may  be  charged  by  con- 
necting the  outside  coating  with  one  of  the 
poles  of  the  secondary  coil  of  an  induction 
coil,  and  bringing  the  other  pole  near  to  the 
ball  leading  from  the  inner  coating.  To 
discharge  the  jar,  connect  the  outer  coating 
with  the  knob  of  the  jar.  To  avoid  a  shock  in  so  doing,  prepare 
a  discharger  as  follows:  Through  the  cork  of  a  bottle  (e.(/.,  a 
soda-water  bottle.  Figure  187)  pass  a  stout  brass  semicu-cular 
wire.  Cast  on  each  of  its  ends  a  lead  bullet.  Use  the  bottle 
as  an  insulating  handle. 

The  effects  are  greater  in  proportion  to  the  number  and  size 
of  the  jars  in  electrical  connection.  Let  an}'  number  of  jars 
(Fig.  188)  be  placed  on  a  sheet  of  tin  foil,  by  which  their 
outer  coatings  are  connected.  Connect  also  their  inner  coat- 
ings with  oue  another  by  a  wire  running  around  their  projecting 
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rods.  The  several  jars  are  bj'  this  means  practically  converted 
into  one  large  jar.  This  combination  of  jars  is  called  a  Leyden 
battery.  A  strip  of  gold  leaf  placed  on  the  glass  slip  a  may 
be  fused,  and  even  volatilized,  by  a  battery  discharge  passed 
through  it;  cards  and  slips  of  glass  may  be  perforated,  and 
gas  or  ether  ignited. 

Fig.  188. 


§  224.  Electricity  not  in  the  coatings.  — If  the  two  per- 
sons in  the  experiment  (§  222)  both  remove  their  hands  from 
the  glass  plate,  after  they  have  been  charged,  and  grasp  one 
another's  hands,  they  txperieucc  little  or  no  shock.  But  if  they 
replace  their  hands  on  the  glass,  and  grasi)  one  another's  hands, 
they  receive  a  shock.  This  shows  that  electricity  was  not  on 
their  bodies,  but  on  the  surface  of  tlie  glass.  The  coatings  of  a 
Leyden  jar  serve  tlie  purpose  of  conductors  to  spread  electricity 
on  the  glass  at  the  time  of  charging,  and  to  allow  its  escape 
from  all  parts  of  its  electrified  surface  at  the  time  of  a  discharge. 


QUESTIONS. 

1.  An  insulated  jar  ciuniot  receive  a  great  charge.     Why? 

2.  If  i><)inls  are  attached  to  the  outer  coating  of  an  insulated  jar,  it 
can  receive  a  umcli  larger  ciiarge.     Why? 


ATTRACTIONS  AND   REPULSIONS. 


277 


Fig.  189. 


8.  If  the  knob  of  a  second  jar  be  held  near  the  outer  coating  of  an 
insulated  jar,  sparks  will  pass  from  the  coating  to  the  knob,  and  both 
jars  will  be  charged.  Suppose  that  the  inner  coating  of  the  first  jar  is 
charged  with  +e,  what  kind  of  electricity  will  each  of  the  other  coat- 
ings have  ? 

§  225.  Attractions  and  repulsions. —Experiment  l.  Sup- 
port a  plate  of  window  glass  (Fig.  189)  about  5cm  from  a  table.     Rub  its 

upper  surface  with  a  silk  handkerchief, 

and  place  pith-balls,  or  bits  of  tissue  paper, 

on  the  table  beneath  the  glass.     They  will 

dance  up  and  down  between  the  plate  and 

table  in  a  lively  manner.     (Explain.) 

Experiment  2.  Place  a  handful  of  bits  of  tissue  paper  on  a  tin  disk 

.  apported  by  a  prime  conductor  of  an  electrical  machine.     The  papers 

V  ;come  excited,  are  repelled  into  the  air,  and  fall  on  all  sides,  giving 

ti,  e  appearance  of  a  miniature  snow-storm. 

Experiment  3.  Apply  one  end  of  a  discharger  to  the  conductor  of 
a  Ljachine,  and  the  other  end  to  the  inner  surface  of  a  glass  tumbler, 
antk  charge  the  interior  with  electricity,  and  then  place  it  over  some 
pith  balls,  or  images  cut  from  pith;  a  ludicrous  dance  will  be  kept  up 
for  several  minutes. 

The  electric  whirl  consists  of  a  cap  of  metal  resting  upon  a 
pointed  wire,  which  serves  as  a  pivot.  The  cap  has  pointed 
wires  branching  out  from  it,  like  the  spokes  of  a 
wheel,  and  bent  near  their  ends  at  right  angles, 
and  aU  turned  in  the  same  dh-ection,  as  shown  in 
Figure  190.  "When  this  apparatus  is  placed  upon 
the  conductor  of  a  macliine,  the  air  particles 
around  the  highly  electrified  points  become  ex- 
cited, and  are  repelled,  producing  a  current  of  air 
issuing  from  the  points.  The  reaction  causes 
tne  wheel  to  revolve  in  the  opposite  direction,  as  indicated  by 
the  arrows  in  the  figure.  A  candle  flame  placed  near  the  point 
of  a  rod  attached  to  a  conductor  will  be  extinguished. 

§  226.  Effect  of  points.  —  We  might  reasonably  expect 
that  a  current  of  excited  air-particles  issuing  from  points  on 
an  excited  conductor  would  serve  to  carry  away  with  them  elec- 


Fig.  190. 
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tricity  from  the  conductor ;  in  other  words,  to  discharge  it. 
the}'  produce  this  result? 


Do 


Fig.  191. 


Experiment.  While  the  electrical  machine  is  in  operation,  hold 
your  knuckle  near  the  conductor;  a  succession  of  sparks  will  pass 
from  the  conductor  to  your  hand.  Now  place  several  points  on  the 
conductor,  and  again  present  your  knuckle  as  before;  either  no  sparks 
will  pass  to  your  knuckle,  or,  at  most,  very  feeble  ones,  and  in  a  lew 
seconds  after  the  operation  of  gener- 
ating electricity  ceases,  the  conductor 
will  be  found  completely  discharged, 
although  it  Is  thoroughly  insulated.  It 
is  apparent  that  the  electricity  escaped 
from  the  points. 

We  conclude,  therefore,  that  the 
effect  of  x>oints  on  an  electrified  in- 
sulated body  is  greatly  to  facilitate 
the  discharge  of  its  electricity. 


§  227.  Luminous  effects.  — 
Figure  191  represents  a  glass  shade 
having  circular  bits  of  tinfoil  pasted 
si)irally  around  it,  from  top  to  bot- 
tom, and  about  1""°  apart.  If  the 
poles  of  an  induction  coil,  or  the 
conductors  of  an  electrical  machine,  are  connected,  one  with 
each  extremity  of  this  spiral  line,  an  intermittent  line  of  light 
will  be  produced  in  the  path  of  the  current  by  the  sparks  which 
appear  at  the  intervals  between  the  bits  of  foil.  All  experiments 
illustrating  luminous  effects  should  be  performed  in  a  dark  room. 

Ik-autifiil  luminous  effects  may  be  produced  with  apparatus 
arranged  as  follows  :  Appl}'  to  one  surface  of  a  mica  disk  (Fig. 
192),  about  15  X  10^™,  a  sheet  of  silver  leaf  or  tin  foil,  8  X  ^'"". 
Place  two  pointed  poles  of  an  inductorium,  or  a  Carr^  machine, 
within  r™  of  the  foil,  and  as  far  apart  as  the  power  of  the 
macliino  will  admit.  Sparks  will  leap  from  the  poles  to  the  foil, 
jind  travel  in  tortuous  branching  lines  between  the  poles, 
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If  the  air  is  partially  exhausted  from  the  glass  tube  used  in 
illustrating  the  law  of  falling  bodies  (Fig.  87),  and  the 
poles  of  a  coil  or  machine  are  applied  to  the  opposite  extremi- 
ties of  the  tube,  sparks  of  electricity  passing  through  the  rarefied 
air  spread  out  in  sheets  of  bluish  white  light  resembling  the 
auroral  lights,  hence  this  tube  has  received  the  name  Aurora 
tube. 

Fig.  192. 


Fi?.  193. 


If  a  circular  disk  is  divided  into  black  and  white  sectors,  as 
In  Figure  193,  and  rotated  very  rapidly  in  ordinary  daylight, 
the  colors  blend,  and  the  disk  appears  of  a  uniform  gray  color. 

But  if  the  disk  is  illuminated  in  a 
darkened  room  by  the  electric  spark, 
each  sector  appears  separate,  and  the 
disk  appears  to  be  at  rest.  A  rail- 
road train  in  rapid  motion,  and  even 
its  wheels,  appear  to  be  at  rest  when 
illuminated  on  a  dark  ni2:ht  bv  a  flash 
of  lightning.  This  shows  that  the 
duration  of  an  electric  spark  must  be 
veiy  brief,  inasmuch  as  it  fails  to 
illuminate  these  objects  in  two  successive  positions. 

The  remarkable  beauty  and  brilliancy  of  the  discharge  is 
perhaps  best  exhibited  by  means  of  the  well  known  Geissler's 
tubes.  These  tubes  contain  highly  rarefied  vapors  and  gases  of 
various  kinds.  Platinum  wires  are  sealed  into  the  glass  at  each 
end  to  conduct  the  electric  current  through  the  glass.  The 
light,  instead  of  appearing,  as  in  the  Aurora  tube,  like  a  stream 
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pouring  from  pole  to  pole,  is  often  striated  or  divided  trans- 
versely into  luminous  sections,  with  alternating  darker  sections, 
as  shown  in  Figure  194.     These  striae  vary  in  shape  and  color 


with  the  degree  of  the  vacuum,  and  the  kind  of  gas  or  vapor 
through  which  the  discharge  passes.  Experiments  with  these 
tubes  succeed  best  when  used  with  the  induction  coil. 

§  228.  Lightning.  —  Certain  clouds  which  have  formed  very 
rapidly  are  highly  charged  with  electricity,  usually  positively 
charged.  The  surface  of  the  earth  and  objects  thereon  imme- 
diately beneath  the  cloud  are  charged  inductively  with  the 
oiiposite  kind  of  electricity.  The  cloud  and  the  earth  corre- 
8i)ond  to  the  coatings,  and  the  intervening  air  to  the  glass  of  a 
huge  Leydeu  jar.  The  charge  in  the  earth  and  that  in  the  cloud 
hold  one  another  prisoner  by  their  mutual  attraction,  until,  as 
the  charges  accumulate,  the  attraction  becomes  great  enough  to 
overcome  the  resistance  of  the  intervening  air,  when  a  discharge 
takes  place.  It  is  the  accumulation  of  induced  electricity  on 
elevated  objects,  such  as  buildings  and  trees,  that  offers  an 
attraction  for  the  opposite  electricity  of  the  cloud,  and  renders 
tlieiu  especially  liable  to  be  struck  by  lightning. 

§  229.  Lightning-rods.  —  The  flash  will  pass  along  the  line 
of  least  resistance.  A  good  lightning  conductor  offers  a  peace- 
ful means  of  communication  between  the  earth  and  a  cloud  :  it 
it-ads  the  electricity  of  the  earth  gently  up  toward  the  cloud, 
and  allows  it  to  combine  with  its  opposite  without  disturbance. 
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thereby  so  far  discharging  the  cloud  as  to  prevent  a  lightning 
stroke  ;  or,  if  the  tension  is  too  great  to  be  thus  quietly  disposed 
of,  the  flash  stiikes  downward,  and  is  led  harmlessly  to  the 
earth  by  the  conductor.  An  ill -constructed  lightning-rod  may 
be  worse  than  none.  A  good  rod  should  be  made  of  good  con- 
ducting material,  so  large  that  it  will  not  be  melted,  and  free 
from  loose  joints.  The  lower  end  should  be  buried  vn  earth 
that  is  always  moist,  and  the  upper  end  should  terminate  in 
several  sharp  points. 

§  230.  General  observations.  —  Although  the  E.  M.  F. 
of  the  frictional  machine  is  enormous,  still,  the  current  which 
it  can  produce  is  always  small  on  account  of  its  very  great 
internal  resistance.  That  this  resistance  must  be  almost  im- 
measurably greater  than  that  of  any  galvanic  batterv  is  evident 
when  we  consider  that  a  part  of  the  circuit  is  always  through 
the  air,  for  instance  in  the  plate  machine,  that  part  betwecH 
the  plate  and  the  comb.  Any  source  of  electricity  that  cannot 
yield  a  strong  current  is,  ordinarily,  of  little  value,  inasmuch  as 
the  amount  of  work  that  can  be  done  by  electricity  is  propor- 
tional to  the  square  of  the  strength  of  the  current.  The  fric- 
tional machine  is,  therefore,  of  little  practical  value,  except  as 
a  source  of  amusement,  and  a  convenient  means  of  investiga- 
ting a  certain  class  of  electrical  phenomena. 

By  an  ingenious  application  of  the  principle  illustrated  by  the 
disk  of  black  and  white  sectors  (Fig.  193),  it  has  been  ascer- 
tained that  the  duration  of  the  spark  is  often  times  less  than 
the  millionth  part  of  a  second,  and  the  velocity  of  the  electric 
discharge  from  a  Leyden  jar  through  a  short,  thick  copper  wire 
is  280,000  mUes  in  a  second. 

The  phenomena  of  electricity  in  a  statical  state  are  limited 
to  those  of  attractions  and  repulsions.  Heating,  luminous, 
,  magnetic,  physiological,  chemical,  and  mechanical  effects  can  he 
produced  by  electricity  in  the  dynamical  state  only.  In  the 
former  state  it  seeks  the  surface ;  in  the  latter  it  travels 
thro%ighthe  body. 
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Much  is  known  of  electricity,  its  nature,  its  laws,  and  its 
capacity  for  work  ;  much  remains  to  be  learned.  The  question, 
}Vliat  is  electricity?  is  so  far  unanswered.  But  we  may  reason 
as  follows  concerning  it,  and  the  conclusion  answers  all  practi- 
cal purposes.  P'or  example,  the  energy  of  the  chemical  combi- 
nation of  coal  and  oxygen  in  the  furnace  is  transformed  into 
heat,  heat  works  au  engine,  the  engine  rotates  a  coil  of  wire  in  a 
magnetic  field,  the  motion  of  this  coil  in  the  vicinity  of  a  magnet 
induces  currents  of  electricity  in  the  wire,  these  currents  pro- 
duce an  arc,  and  thereby  heat  and  light.  So  the  energy  of  the 
coal  is  transformed  into  heat  and  light,  through  the  intermediate 
agency  of  electricity.  Hence,  it  is  certain  that  this  intermediate 
agency,  this  so-called  electricity ,  whatever  it  is,  7nay  receive  and 
impart  energy. 

§  231.  Transformation  of  energy.  —  "We  have  found  that 
every  contrivance  for  the  development  of  electric  energy  is  simply 
a  machine  for  the  transformation  of  some  other  form  of  energy 
into  electric  energy.  In  the  voltaic  battery  the  chemical  poten- 
tial energy  of  the  combustibles  is  transformed  into  the  kinetic 
energy  of  the  electric  current.  With  the  magneto  and  frictional 
machines,  mechanical  energy  is  transformed  into  electric  energy. 
In  the  thermopile,  heat  is  changed  directly  into  electric  energy. 
By  means  of  an  induction  coil,  tlie  f:ill  of  a  large  quantity  of 
electricity  through  a  small  difference  of  potential  raises  a 
small  quantity  through  a  great  difference  of  potential.  The 
kinetic  or  current  form  of  electricity  may,  under  suitable 
conditions,  be  converted  into  the  potential  or  static  state,  and 
vice  versa.  Not  only  are  these  various  forms  of  energy  trans- 
formable into  electric  energy,  but  electric  energy  may  be  changed 
into  any  one  of  these.  Tims  electric  energy  may  be  transformed 
into  heat,  magnetism,  light,  chemical  action,  and  mechanical 
motion.  These  forms  of  energy  are  all  interchangeable  ;  as  in  • 
fact,  all  known  Ibrms  of  energy  are  nmtually  convertible. 
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The  work  done  by  a  pound  of  matter  in  falling  through  a 
distance  of  one  foot  at  the  surface  of  the  eiirth  is  called  a  foot- 
pound (§89).  It  has  been  determined  that  the  work  done  by 
one  coulomb  (§181)  of  electricity  in  falling  through  a  differ- 
ence of  electrical  level  or  potential  of  one  volt  (§  182)  is  .7373 
of  a  foot-pound.  Hence,  the  work  done  in  any  part  of  a  circuit 
in  a  second  mav  be  calculated  when  we  know  the  strength  of 
the  current  in  arapdres  and  the  fall  in  potential,  in  that  part  of 
the  circuit,  in  volts. 

Example  1.  Find  the  work  done  in  one  second  in  an  arc  lamp  (§  235), 
the  strength  of  the  current  being  10  amperes  and  the  resistance  of  the 
lamp  5  ohms. 

To  maintain  a  current  of  10  amperes  through  a  resistance  of  5  ohms, 
will  require  a  fall  of  potential  of  50  volts  (§  181). 

Hence,  in  this  case,  Ave  have  a  fall  of  10  coulombs  through  50  volts 
each  second.     Therefore,  the  work  done  per  second  is 
10  X  50  X    .7373  foot-pounds 
368.65     " 
Therefore,  the  work  done  per  minute  is 

368.65  X  60  =  22,119  foot-pounds. 
Now,  one  horse-power  is  required  to  do  33,000  foot-pounds  of  work 
per  minute  (§90).     Therefore,  it    requires  about  two-thirds  of  one 
horse-power  to  do  the  work  done  in  this  lamp. 

JCxample  2.  What  horse-power  is  required  to  maintain  a  current  of 
5  amperes  through  a  resistance  of  100  ohms? 

To  maintain  a  current  of  5  amperes  through  a  resistance  of  100 
ohms  will  require  a  fall  of  potential  of  500  volts  (§  181). 

Hence,  in  this  case,  we  have  a  fall  of  5  coulombs  per  second  through 
500  volts. 
Therefore,  the  work  done  per  second  is, 

5  X  500  X  .7373  foot-pounds 
1,843.25     "         " 
Therefore,  the  work  done  per  minute  is, 

1,843.25  X  GO  foot-pounds 
110,595     " 
Therefore,  it  requires 

110.595       ^  ,    , 

0.3  r»AA  =  o.3o  horse-power. 

oOfVOU 
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EXERCISES. 

1.  A  spark  of  fire  applied  to  a  mass  of  soap  bubbles,  filled  with  a 
mixture  of  oxygen  and  hydrogen  gases  generated  by  a  galvanic  current, 
produces  a  powerful  explosion.  Comnieuciug  with  the  battery,  state 
the  transformations  of  energy,  in  order,  to  the  final  result. 

2.  The  needle  of  a  galvanometer  connected  with  a  thermopile  is 
deflected.     Trace  the  transformations  of  energy  concerned. 

3.  A  steam  engine  and  a  dynamo  machine  furnish  an  electric  light. 
State  all  the  transformations  of  energy  necessary. 
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§  232.  Medical  and  surgical  operations.  — Currents  from 
an  iuductiou  coil  have  great  Iil.M.F.,  like  frictional  electricity, 
and  so  can  pass  through  the  poorly  conducting  tissues  of  the 
human  body  and  produce  violent  muscular  contractions.  Cur- 
rents induced  by  a  single  voltaic  cell,  through  the  mediation  of 
an  induction  coil,  may  produce  agonizing  convulsions.  A  vol-, 
taic  current  has  a  similar  effect  at  the  instants  of  makins:  aud 
breaking  the  circuit  (why?);  but  by  beginning  with  a  mild  cur- 
rent, and  slowly  and  gradually  increasing  its  strength,  a  current 
from  two  hundred  cells  has  been  passed  through  a  person  with 
impunity.  (Explain.)  The  physiological  effect  produced  by  an 
induced  current  at  its  negative  pole  is  more  violent  than  at  the 
positive  pole.  In  this  way  we  may  readil}'  distinguish  one  pole 
from  the  other  by  simply  holding  one  in  each  hand.  The  grad- 
ual current  produces  a  benumbing  influence,  or  insensibility  to 
pain.  A  to-and-fro  motion  of  the  current  produces  a  muscular 
agitation  of  the  part  through  which  it  is  sent,  the  tonic  and 
stimulating  effects  of  which  are  similar  to  those  of  nuiscular 
exercis(!.  The  galvanic  current  lUso  exerts  a  powerful  elec- 
trolytic effect  on  fhe  system.  On  this  principle  it  has  been 
successfully  employed  in  reducing  tumors,  etc. 

A  platinum  wire  heated  by  a  galvanic  current  is  used  like  a 
knife  in  surgical  operations       The   former  has  the   advantage 
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6ver  the  latter  in  that  it  sears  the  extremities  of  the  blood  ves- 
sels and  thereby  prevents  hemorrhage.  Enough  has  been  said 
to  show  that  a  medical  practitioner  who  can  apply  the  laws  of 
electricity  has  at  his  command  a  powerful  therapeutic  agent ; 
but  except  m  experienced  hands  it  is  likely  to  prove  useless,  if 
not  positively  dangerous. 

§  233.  Electric  light.  —  If  the  terminals  of  wires  from  a 
powerful  dynamo-electric  machineorgalvaaic  battery  are  brought 
together  and  then  separated  1  or  2  millimeters,  the  current  does 
not  cease  to  flow,  but  volatilizes  a  portion  of  the  terminals. 
The  vapor  formed  becomes  a  conductor  of  high  resistance,  and 
remaining  at  a  very  high  temperature  produces  intense  light. 
The  terminals  themselves  are  also  heated  to  most  brilliant  incan- 
descence.. The  light  rivals  that  of  the  sun  both  in  intensity  and 
purity.  The  heat  is  so  great  that  it  fuses  the  most  refractory 
substances,  including  even  the  diamond.  Metal  terminals  quickly 
melt  and  drop  off  like  tallow,  and  thereby  become  so  far  separated 
that  the  electro-motive  force  is  no  longer  sufficient  for  the  in- 
creased resistance,  and  the  light  is  extinguished.  Hence  pencils  of 
carbon  (prepared  from 
coke  deposited  in  the  ^' 

distillation  of  coal  in- 
side of  gas  retorts), 
which  are  less  fusible, 
are  used  for  terminals. 
For  simple  experi- 
ments, these  pencils  may  be  held  in  forceps  (Fig.  195)  at  the 
ends  of  two  brass  rods,  to  which  the  battery-wires  are  attached. 
These  rods  slide  in  brass  heads  A  and  B,  supported  by  insu- 
lating pillars,  so  that  the  distance  between  the  carbon  points 
may  be  regulated. 


§  234.   Voltaic  arc.  —  The  light  is  too  intense  to  admit  of 
examination  with  the  naked  eve ;  but  if  an  image  of  the  termi- 
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Fig.  196. 


nals  is  thrown  on  a  screen  by  means  of  a  lens,  or  a  pin-hole  in 
a  card,    an  arch-shaped   light    is    seen   extending    from   pole 
to    pole,    as   shown    in   Fig.    196.       This   light    has    received 
the  name  of   the   voltaic  arc.       The    larger    portion    of    the 
light,  however,  emanates  from  the  tips  of  the  two 
carbon   terminals,  which   are  heated  to  an  intense 
whiteness,  but   some  from  the  arc.     The  +pole  is 
hotter  than  the  —pole,  as  is  shown  by   its   glowing 
longer  after  the  current  is  stopped.     The  carbon  of 
the  -|-pole  becomes  volatilized,  and  the  light-giving 
particles   are  transported    from  the  -j-po^e   to  the 
— pole,  forming  a  bridge  of  luminous  vapor  between 
the  poles.     What  we  see  is  not  electricity,  but  luminoxis  matter. 
Neither  light  nor  a  current  can  exist  without  matter,  as  may  he 
shown  by  trying  to  pass  a  current  between  two  metallic  poles,  a 
little  way  apart,  in  a  charcoal  vacuum  ;  no  spark  can  be  pro- 
duced. 


§  235.  Electric  lamp.  —  The  -(-pole  wastes  away  about 
twice  as  fast  as  the  —pole.  At  the  point  of  the  former  a 
conical-shaped  cavity  is  formed,  while  around  the  point  of  the 
latter  warty  protuberances  appear.  When,  in  consequence  of 
the  wearing  away  of  the  poles  the  distance  between  the  two 
pencils  becomes  too  great  for  the  electric  current  to  span,  the 
light  goes  out.  Numerous  self-acting  regulators  for  maintain- 
ing a  uniform  distance  between  the  poles  have  been  devised. 
Such  an  arrangement  is  called  an  electric  lamp.  In  some,  the 
car])ons  are  moved  by  clock-work,  which  requires  winding  up 
(K-casionally  ;  in  others,  the  movement  of  the  carbons  is  ac- 
complished  automatically  by  the   action  of   the  current  itself. 

§236.  Electric  candle.  —  The  "  Jablochkoff  Candle  "  ob- 
viates all  necessity  for  regulators.  In  this  candle,  instead  of 
the  carbons  ix)inting  toward  each  other,  they  are  placed  side  by 
pide,  a  and  b  (^Fig.  .07),  sepaiatel  by  a  Ihiu  iusulauug  septum, 
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c,  of  kaolin.  The  current  passes  up  one  carbon,  across  the 
space  between  the  points,  and  down  tlie  other.  In  its  passage 
between  the  points  it  forms  the  luminous  arc.  The 
heat  of  the  arc  fuses  and  volatilizes  the  kaolin,  and 
it  wastes  slowly  away  like  the  wick  of  a  candle ; 
hence  its  name. 

The  electric  light  is  of  the  purest  white.  In  it  the 
most  delicate  colors  retain  their  noonday  purity  of 
tint,  while  a  gas  light  appears  of  a  sickly  yellow  hue 
in  comparison. 

§  237.  Electrotyping.  —  This  book  is  printed 
from  electrotype  plates.  A  moulding-case  of  brass,  in  the  shape 
of  a  shallow  pan,  is  filled  to  the  depth  of  about  one  centimeter 
with  melted  wax.  A  few  pages  are  set  up  in  common  type,  and 
an  impression  or  mould  is  made  by  pressing  these  into  the  wax. 
The  type  are  then  distributed,  and  again  used  to  set  up  other 
pages.  Powdered  plumbago  is  applied  by  brushes  to  the  sur- 
face of  the  wax  mould  to  render  it  a  conductor.  The  mould  is 
then  flowed  with  alcohol  to  prevent  adhesion  of  air-bubbles,  and 
afterwards  with  a  solution  of  copper  sulphate,  and  dusted  with 
iron  filings,  which  form  by  chemical  action  a  thin  film  of  copper 
on  the  plumbago  surface.  The  case  is  then  suspended  in  a  bath 
of  copper  sulphate  dissolved  in  dilute  sulphuric  acid.  The  — pole 
(why  the  — pole?)  of  a  gnlvanic  battery  or  dynamo-electric  ma- 
chine is  applied  to  it ;  and  from  the  +pole  is  suspended  in  the 
bath  a  copper  plate  (why?)  opposite  and  near  to  the  wax  face. 
The  salt  of  copper  is  decomposed  by  the  electric  current,  and 
the  copper  is  deposited  on  the  surface  of  the  mould.  The  sul- 
phuric acid  appears  at  the  -fpole,  and,  combining  with  the 
copper  of  this  pole,  forms  new  molecules  of  copper  sulphate. 
"When  the  copper  film  has  acquired  about  the  thickness  of  an 
ordinary  visiting  card,  it  is  removed  from  the  mould.  This  shell 
shows  distinctly  every  line  of  the  types  or  engraving.  It  is 
then  backed  with  melted  type-metal  to  give  firmness  to  the 
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plate.     The  plate  is  then  fastened  on  a  block  of  wood,  and  thus 
built  up  type-high,  and  is  now  ready  for  the  printer. 

§  238.  Electro-plating.  —  The  distinction  between  electro- 
plating and  electrotyping  is,  that  with  tlie  former  the  metallic 
coat  remains  permanently  on  the  object  on  which  it  is  deposited, 
while,  with  the  latter,  it  is  intended  to  be  removed.  The  pro- 
cesses are,  in  the  main,  the  same.  The  articles  to  be  plated  are 
first  thoroughly  cleaned,   and   suspended  on  the   —pole  of  a 


Fig.  108. 


l)attery,  and  then  a  plate  of  the  same  kind  of  metal  that  is  to  be 
deposited  on  the  given  articles  is  suspended  from  the  -f  pole 
(Fig.  198).  The  l)ath  used  is  a  solution  of  a  salt  of  the  metal 
to  be  deposited.  The  cyanides  of  gold  and  silver  are  generally 
used  for  gilding  and  silvering.  Many  of  the  base  metals  re- 
quire to  be  electro-coppered  first  in  order  to  secure  the  adhesion 
of  the  gold  or  silver.  The  dynamo-electric  machine  has  almost 
completely  rei)laccd  the  voltaic  I)altery  for  eleclrutyi)ing  and 
I  Uetio -plating  purposes. 
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§  239.  Electric  motors.  —  If  a  current  of  electricity  is 
passed  tlirougli  the  coils  of  a  dyua.uo-i'lectric  macliiue  from 
some  external  source,  the  armature  of  the  machine  revolves, 
and  may  be  usid  to  perform  work  like  the  shaft  of  a  steam- 
engine.  A  dynamo  thus  used  is  called  an  electric  moior. 
This  current  may  be  furnished  by  another  dynamo  driven  by 
steam  or  water  power,  and  the  two  dynamos  may  be  a  long 
distance  apart,  so  long  as  the  circuit  connecting  them  is  well 
insulated  and  has  not  too  high  resistance.  Thus  a  power,  for 
example  a  waterfall,  may  be  used  to  perform  work  at  a  distance 
of  many  miles,  while,  by  placing  sevi^ral  small  dynamos  used 
as  motors  in  the  circuit  of  the  large  dynamo  used  as  a  gene- 
rator, a  large  power  may  be  distributed  to  any  extent  that 
may  be  desired.  There  are  many  uses  to  which  the  electric 
motor  may  be  applied  with  very  great  advantage. 

§  240.  The  telegraph.  —  The  word  telegraph,  literally,  sig- 
nifies to  write  far  away.  In  its  broadest  sense,  it  embraces  all 
methods  of  communicating  thought  with  great  speed  to  a  dis- 
tance by  means  of  intelligible  characters,  sounds,  or  signs  ;  but 
usually  it  is  applied  onl}'  to  electrical  methods. 

First,  it  should  be  understood  that,  instead  of  two  lines  of 
wire,  one  to  convey  the  electric  current  far  awa}^  from  the  bat- 
tery, and  another  to  return  it  to  the  battery,  if  the  distant  pole 
is  connected  with  a  large  metallic  plate  buried  in  moist  earth, 
or,  still  better,  with  a  gas  or  water  pipe  that  leads  to  the  earth, 
and  the  other  pole  near  the  battery  is  connected  in  a  like  man- 
ner with  the  earth,  so  that  the  earth  forms  about  one-half  of 
the  circuit,  there  will  be  needed  only  one  wire  to  connect 
telegraphically  two  places  that  are  distant  from  each  other. 
Furthermore,  the  resistance  offered  by  the  earth  to  the  electric 
current  is  practically  nothing ;  so  that,  disregarding  the  resist- 
ance of  the  ground  connections,  there  is  a  saving  of  one-half 
the  wire  and  one-half  the  resistance,  and  consequently  one-half 
the  battery  power. 
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Let  B,  Figure  ],  Plate  III.,  represent  the  message-sender,  or  oper- 
ator's kej' ;  Y,  the  message-receiver.  It  may  be  seen  that  the  circuit 
is  broken  at  B.  Let  the  operator  press  his  finger  on  the  knob  of  the 
key.  lie  closes  the  circuit,  and  the  electric  current  instantly  fills  the 
wire  from  Boston  to  New  York.  It  magnetizes  a ;  a  draws  down  the 
lever  b.  and  presses  the  point  of  a  style  on  a  strip  of  paper  c  that  is 
drawn  over  a  roller.  The  operator  ceases  to  press  upon  the  key,  the 
circuit  is  broken,  and  instantly  b  is  raised  from  the  paper  by  a  spiral 
spring  d.  Let  the  operator  press  upon  the  key  only  for  an  instant,  or 
long  enough  to  count  one,  a  simple  dot  or  indentation  will  be  made  in 
the  paper.  But  if  he  presses  upon  the  key  long  enough  to  count  three, 
the  point  of  the  style  will  remain  in  contact  with  the  paper  the  same 
length  of  time ;  and,  as  the  paper  is  drawn  along  beneath  the  point,  a 
short  straight  line  is  produced.  This  short  line  is  called  a  dash.  These 
dots  and  dashes  constitute  the  alphabet  vf  telegraphy.  For  instance,  a 
part  of  a  message,  "  man  is  in,"  is  represented  as  printed  in  tele- 
graphic characters  on  the  strip  of  paper.  The  Roman  letters  above 
interpret  their  meauing. 

§  241.  Sounder.  — If  the  strip  of  paper  is  removed,  and 
the  st3-le  is  allowed  to  strike  the  metallic  roller,  a  sharp  click  is 
heard.  Again,  when  the  lever  is  drawn  np  by  the  spiral  spring, 
it  strikes  a  screw  point  above  (not  represented  in  the  fignre), 
and  another  click,  ditfering  slightly  in  sound  from  the  first,  is 
heard.  A  listener  is  able  to  distinguish  dots  from  dashes  by 
the  length  of  the  intervals  of  time  that  elapse  between  these 
two  sounds.  Operators  generally  read  b}'  ear,  giving  heed  to 
the  clicking  sounds  produced  by  the  strokes  of  a  little  hammer. 
A  receiver  so  used  is  called  a  sounder.,  a  common  form  of  which 
is  represented  in  the  lower  central  part  of  Plate  III. 

§  242.  Relay  and  repeater.  —  The  strength  of  the  current 
is  diminished,  of  course,  as  the  line  is  extended  and  the  number 
of  instruuieuts  in  the  circuit  is  increased.  Hence,  a  current 
that  would  move  a  single  sounder  audibly,  on  a  short  line, 
would  not  move  many  sounders  on  a  long  line  with  sufficient 
force  to  render  the  message  audible.  Resort  is  had  to  rdays 
and  repeaters.     The  priucipL'  on  which  they  remove  this  diffi- 
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fculty  maj',  perhaps,  be  best  explained  by  analogy.  In  days  gone 
by,  posts  for  couriers  were  stationed  a  day's  journe}'  apart. 
At  each  post  were  a  courier  and  a  horse  at  all  hours  ready  to 
start.  The  courier,  bearing  a  dispatch,  rode  all  day,  and  at 
night  reached  a  post  where  fresh  horses  were  saddled  ready  for 
the  next  stage  of  the  journey  ;  he  himself  was  exhausted,  his 
force  was  nearly  spent,  but  he  could  awaken  a  courier  who 
was  stationed  there  and  deliver  the  despatches  to  him,  and  he 
with  fresh  strength  instantly  took  up  the  journey.  In  a  similar 
manner  we  picture  to  ourselves  the  electric  current  arriving  at 
a  station  so  nearly  exhausted  that  it  cannot  deliver  intelligible 
signals,  yet  it  may  still  have  strength  to  wake  up  another  bat- 
ter}^ and  set  in  motion  a  ffesh  current  which  shall  receive  and 
announce  audibly,  or  carry  forward  the  message  which  the 
exhausted  current  has  just  strength  to  whisper. 

In  Figure  2,  Plate  III.,  the  letter  R  represents  a  relay  and  S  a  sounder. 
Suppose  a  weak  curreut  arrives  at  New  York  from  Boston,  and  has 
sufficient  strength  to  attract  the  armature  of  the, relay  at  that  station. 
This,  as  may  be  seen  by  examination  of  the  diagram,  wiU  close  another 
short  circuit,  called  the  local  circuit,  and  send  a  current  from  a  local 
battery  located  in  the  same  office,  through  the  sounder  at  that  station. 
The  sounder,  being  operated  by  a  battery  in  a  circuit  of  ouly  a  few  feet 
in  length,  delivers  the  message  audibly.  If  it  is  desired  that  the  mes- 
sage should  go  beyond  New  York,  —  for  instance,  to  Philadelphia, — 
then  we  have  ouly  to  suppose  the  local  line  at  New  York  to  be  length- 
ened so  as  to  extend  to  Philadelphia,  and  a  powerful  line  battery  to  be 
substituted  for  the  small  local ;  then  the  message  that  leaves  Boston  will 
be  shifted  from  one  circuit  to  the  other  at  New  York,  and  be  delivered 
in  Philadelphia  without  the  intervention  of  any  operator  on  the  route. 
In  this  case  a  relay  is  cahed  a  repeater.  The  electro-magnets  in  relays 
are  wound  with  long  aud  thin  wire,  while  those  of  sounders  are  wound 
with  short,  large  wire.  (Explain.  The  main  battery  consists  of  many 
cells;  how  should  they  be  connected?  It  may  be  located  at  either  ter- 
minus, but  it  is  generally  split  in  halves,  and  one  half  placed  at  each 
terminus ;  how  should  the  two  halves  be  connected  ?) 

In  the  diagram  the  circuit  is  represented  as  open  at  both  keys. 
When  the  line  is  not  in  use,  the  circuit  ought  always  to  be  left  closed, 
by  means  of  switches  connected  with  the  keys  (not  represented  in  the 
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diagram),  so  that,  when  the  line  is  not  "at  work,"  an  electric  current 
is  constantly  traversing  the  wire.  Sending  a  message,  consequently, 
consists  in  interrupting  this  current  by  means  of  a  key.  Suppose  that 
Boston  wishes  to  communicate  with  New  York.  He  first  removes  the 
switch  on  his  key,  which  breaks  the  circuit  and  enables  him  to  control 
the  circuit  with  his  key.  He  then  manipulates  his  key  so  as  to  produce 
an  understood  signal,  which  will  attract  New  York's  attention.  Every 
time  that  Boston  presses  on  his  key,  every  armature  in  his  own  office, 
and  in  tlie  New  York  office,  and  at  way-stations,  falls.  Of  course  the 
message  may  be  read  at  every  station  on  the  route. 
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§  243.  Fac-simile  telegraph.  —  This  is  an  autographic  ap- 
paratus by  means  of  which  a  message  may  be,  practically,  trans- 
mitted over  a  wire  and  appear  at  a  distant  terminus  in  the  exact 
hand-writing  of  the  sender,  and  ready  at  once  for  delivery.  The 
principle  on  wliich  it  operates  may  be  learned  from  the  diagram 
in  I'late  I.,  in  which  all  details  of  its  mechanism  are  omitted  for 
simplicity  of  illustration.  X  is  a  sheet  of  tin-foil,  on  which  the 
message  to  be  sent  is  written  with  an  ink  prepared  by  dissolving 
HcaHng-wax  in  alcohol.  The  alcohol  quickly  evaporates,  leaving 
the  lines  of  sealing-wax  adliering  to  the  foil.  Y  is  a  sheet  of 
paper  moistened  with  a  solution  of  prussiate  of  potash.  Each 
of  the  pens  is  simply  a  small,  pointed  iron  needle.  Now  suppose 
that  both  of  the  pons  arc  moved  at  the  same  time  and  with  the 
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same  rapidity  across  their  respective  sheets.  Then  the  electric 
current,  decomposing  the  prussiate  of  potash,  will  cause  the 
needle  in  New  York  to  trace  a  continuous  blue  line  on  Y,  until 
the  needle  in  Boston  reaches  a  line  of  sealing-wax  on  X,  when 
the  ckcuit  is  broken  as  it  passes  over  this  line.  At  the  same 
time  there  is  a  break  in  the  continuity  of  the  line  traced  on  Y. 
If,  further,  each  needle  is  moved  down  a  hair's  breadth  each 
time  it  traverses  its  respective  sheet,  then  we  shall  have  an 
exact  fac-simile  of  the  writing  on  the  tin-foil  produced  on  the 
chemically-prepared  paper,  except  that  whereas  the  original  is 
wi-itten  in  dark  letters  on  a  light  ground,  the  message  is  received 
in  light  letters  on  a  dark  ground.  Pen-and-ink  sketches  of  pho- 
tographs and  other  pictures  may  be  transmitted  in  the  same 
way.  The  pens  are  not,  of  course,  held  and  guided  by  human 
hands,  but  by  complex  machinery.  The  rigorous  exactness 
requisite  in  the  movements  of  the  two  pens  is  secured  by  the 
absolute  synchronism  in  the  vibrations  of  two  pendulums,  one 
at  each  terminus,  controlled  by  the  electric  current. 

Fig.  199. 


§  244.  The  electric  fire-alarm.  —  This  is  a  modification 
of  the  electro-magnetic  telegraph.  Figure  199  will  serve  to 
illustrate  the  general  plan  of  the  American  system,  invented  by 
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Prof.  M.  G.  Farmer,  and  by  him  first  introduced  into  Boston  in 
the  year  1852. 

From  some  central  station  wires  radiate  to  every  part  of  the 
city.  At  suitable  intervals  there  are  inserted  in  these  circuits 
small  cottage-shaped  boxes,  usually  attached  to  buildings  at  the 
corners  of  streets.  On  opening  one  of  these  boxes,  a  person 
who  is  to  give  an  alarm  finds  a  crank  A,  which  he  is  directed  to 
"  pull  down  once  and  let  go."  This  winds  the  spring  II,  which 
sets  in  motion  a  train  of  wheels,  and  causes  a  make-and-break 
wheel  C  to  revolve.  This  wheel  bears  upon  its  circumference 
notches  corresponding  to  the  number  of  the  box.  Two  terminals 
of  the  line  are  so  connected,  one  with  C  and  the  other  with  a 
lever  b,  that  when  the  lever  touches  the  wheel  the  circuit  is 
closed.  But  when  the  wheel  revolves,  and  a  notch  passes  under 
the  lever,  the  circuit  is  broken.  The  effect  of  breaking  the 
circuit  is  to  demagnetize  the  electro-magnet  F  at  the  central 
station,  and  release  the  armature  which  is  attached  to  the 
tongue  of  a  bell.  The  tongue  then  being  drawn  forcibly  by 
the  spring  G  in  the  opposite  direction,  produces  one  stroke  on 
the  bell.  By  pulling  the  lever  down  once,  the  spring  is  wound 
up  just  enough  to  cause  C  to  revolve  three  times,  and  thus  the 
number  of  the  box  is  struck  three  times  in  succession.  The 
watchman  at  the  central  station,  being  thus  notified  of  the 
existence  and  locality  of  the  fire,  at  once  and  in  a  similar  man- 
ner notifies  the  several  fire-engine  companies. 

XXXVII.     TELEPHONE   AND   MICROPHONE. 

§  245.  Bell  telephone.  —  Figure  200  represents  a  sectional  and 
a  piTspoctive  view  of  this  instrument.  It  consists  of  a  steel  magnet 
A,  encircled  at  one  extremity  by  a  spool  B  of  very  fine  insulated  wire, 
tlie  ends  of  which  are  connected  with  the  binding  screws  DD.  Im- 
mediately in  front  of  the  magnet  is  a  thin  circular  iron  disk  EE.  The 
wliolo  is  enclosed  in  a  wooden  or  rubber  case  F.  The  conical-shaped 
cavity  G  serves  the  purpose  of  either  a  mouth-piece  or  an  car-trumpet. 
There  is  no  difference  between  the  transmitting  and  receiving  tele- 
phone ;  consequently  either  instrument  may  be  employed  as  a  trans- 
niitter,  while  the  other  serveB  as  a  receiver.    Two  magneto  telephones 
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in  a  circuit,  are  virtually  in  tlie  relation  of  a  magneto-electric  generator 
and  a  motor.  Tlie  transmitter  being  in  itself  a  diminutive  magueto 
macliine,  of  course  no  battery  is  required  in  the  circuit.  Connect  in 
circuit  two  such  telephones,  and  the  apparatus  is  ready  for  use. 


When  a  person  talks  to  the  disk  of  the  transmitter,  he  throws  it 
into  rapid  vibration.  The  disk,  being  quite  close  to  the  magnet,  is 
magnetized  liy  induction;  and,  as  it  vibrates,  its  magnetic  power 
is  constantly  changing,  being  strengthened  as  it  approaches  the 
magnet,  and  enfeebled  as  it  recedes.  This  fluctuating  magnetic  force 
will  of  course  induce  currents  in  alternate  directions  in  the  neighboring 
coil  of  wire.  These  currents  traverse  the  whole  length  of  the  wire, 
and  so  pass  through  the  coil  of  the  distant  instrument.  "When  the 
direction  of  the  arriving  current  is  such  as  to  reenforce  the  power  of 
the  magnet  of  the  receiver,  the  magnet  attracts  the  iron  disk  in  front 
of  it  more  strongly  than  before.  If  the  current  is  in  the  opposite 
direction,  the  disk  is  less  attracted,  and  flies  back.  Hence,  whatever 
movement  is  imparted  to  the  disk  of  the  transmitting  telephone,  the 
disk  of  the  receiving  telephone  is  forced  to  repeat.  The  vibrations  of 
the  latter  disk  become  sound  in  the  same  manner  as  the  vibrations  of 
a  tuniug  fork  or  the  head  of  a  drum. 

The  above  is  a  description  of  the  original  and  simplest  form  of  the 
Bell  telephone.  It  is  appareut  that  the  original  energy,  i.e.,  that  of 
the  voice,  applied  at  the  transmitter  must,  during  its  successive  trans- 
formations and  especially  during  its  transmission  in  the  form  of 
electric    energy    through  large  resistances,    become   very  much   en- 
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feeblcd,  so  that  when  it  reappears  as  sound,  the  sound  is  quite  feeble 
and  frequently  inaudible.  The  first  grand  improvement  on  the  original 
consists  in  introducing  a  battery  into  the  circuit  and  so  arranging  that 
the  vt)ice  instead  of  being  obliged  to  generate  currents  should  be 
required  to  act  only  as  a  controlling  force   of    a  current    already 

Fig.  200  a. 


Fig.  200  b. 


generated  by  tlio  battery.  It  is  evident  that  only  a  fluctuating 
or  undulating  current  can  produce  the  necessary  vibrations  in  the 
disk  of  tlie  receiver.  The  fluctuations  are  caused  by  a  varying  resist- 
ance in  the  circuit.  The  pupil  must  have  learned  by  experience  ere 
this  that  the  eflcct  of  a  loose  contact  between  any  two  parts  of  a 
circuit  is  to  increase  the  resistance  and  thereby  weaken  the  current ; 
but  the  ell'ect  of  a  slight  variation  in  pressure  is  especially  noticeable 
when  either  or  both  of  the  parts  are  carbon.  Figure  200  a  illustrates  a 
simple  telephonic  circuit  in  which  are  included  a  variable  resistance 
transmitter  T,  a  magneto  receiver  R,  and  a  battery  B.  One  of  the 
electrodes,  a  platinum  point,  touches  the  center  of  the  transmitter 
disk;  the  other  electrode,  a  carbon  button  a,  is  pressed  by  a  spring 
gently  against  tlie  i)latinum  point.  Every  vibration  of  the  disk,  liow- 
cver  minute,  causes  a  variation  in  tlie  pressure  between  the  two 
electrodes  and  a  corresponding  vnrintion  in  the  circuit  resistance 
An  cluniges  the  resistance,  so  cuauges  the  current  strength,  and  so 
consequently  ciiangcs  the  forw  Avith  wliicli  the  magnet  in  the  receiver 


MICROPHONE. 


297 


R  pulls   its   disk.    The  varying   tension  between   magnet  and   disk 
causes  the  latter  to  vil)rate  and  reproduce  sounds. 

The  next  improvement  of  considerable  importance  consists  in  the 
adoption  of  an  induction  coil,  which,  we  have  learned,  produces  a 
current  of  much  greater  electro-motive  force  than  is  possessed  by  the 
original  battery-current.  By  its  adoption  we  are  able  to  converse  over 
much  longer  distances ;  and,  since  the  battery-current  traverses  only  a 
local  circuit,  as  may  be  seen  by  reference  to  Fig.  2006,  a  single 
Leclanche  cell  is  generally  sufficient  to  operate  it.  The  currents 
induced  by  the  fluctuating  primary  current  traverse  the  line-wire  and 
generate  sonorous  vibrations  in  the  disk  of  the  receiver  in  the  same 
manner  as  in  the  original  telephone.  It  will  be  seen  that  if  this  trans- 
mitter is  used,  and  the  Bell  instrument  is  used  as  a  receiver  only,  the 
core  of  the  latter  may  be  a  rod  of  soft  iron  instead  of  a  permanent 
magnet. 


Fig.  201. 


§  246.  Microphone.  —  In  Figure  201,  A  and  B  are  buttons  of 
carbon  ;  the  former  is  attached  to  a  sounding-board  of  thin  pine  wood, 
the  latter  to  a  steel  spring  C,  and  both  are  connected  in  circuit  with  a 
battery  and  a  telephone  used  as  a  receiver.  The  spring  presses  B 
against  A,  and  any  slight  jar  will  cause  a  variation  in  the  pressure  and 
corresponding  variations  in  the  current  strength. 

By  means  of  this  instrument,  called  the  microphone,  any  little  sounds, 
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as  its  name  indicates,  such  as  the  ticking  of  a  watch  or  the  footfall  of 
an  insect,  may  be  reproduced  at  a  considerable  distance,  and  be  as 
audible  as  though  the  original  sounds  were  made  close  to  the  eai*. 

§246/'.  Storage  batteries,  or  accumulators.  —  Place 
t\\'D  strips  of  sliect-lead,  about  six  by  eight  ccntiuu-ters,  at  a  distance 
of  six  centimeters  from  each  other,  in  a  vessel  containing  dilute 
sulpliuric  acid  —  one  part  of  acid  to  ten  of  water.  Pass  the  current 
from  one  or  two  cells  through  the  liquid  from  one  plate  to  the  other, 
placing  your  short-coil  galvanometer  in  the  circuit.  You  will  observe 
that  the  current  grows  weaker  and  weaker,  and  finally  ceases.  AVhen 
the  galvanometer  shows  no  current,  disconnect  the  battery,  and  coimect 
till-  k-ad  plates  with  the  galvanometer.  A  current  will  be  observed  be- 
tween the  lead  plates  in  a  direction  opposite  to  that  generated  by  the 
battery.  This  is  a  polarization  current  due  to  the  generation  of  oxygen 
on  one  of  the  lead  plates  and  hydrogen  on  the  other,  by  which  a  difl'er- 
ence  of  electrical  potential  is  produced. 

The  lead  cell  descriljed  above  is  called  a  Plaute  cell,  from  the  name  of 
the  inventor.  The  Fanre  cell  consists  of  lead  plates  covered  with  a 
layer  of  red  oxide  of  lead,  which  increases  the  polarization.  It  is 
evident  that  electricitj-  is  not  stored  in  these  cells.  A  difference  of 
chemical  constitution  is  produced,  which  in  turn  produces  a  difference 
of  electrical  potential.     What  form  of  energy  is  stored? 

These  cells,  though  greatly  improved  l)y  many  inventors,  have  not, 
so  far,  proved  as  satisfactory  as  was  at  first  hoped.  Suggest  some 
practical  ai^plications  that  might  be  made  of  these  ceUs,  if  so  con- 
structed as  to  prove  ellicient  and  cheap. 


CHAPTER    V. 

SOUND. 

The  subjects  of  Sound  and  Light,  which  we  have  now  to 
study,  have  two  important  characteristics  in  common  that  dis- 
tinguish them  from  the  subjects  aheady  studied.  First,  each  of 
them  affects  its  peculiar  organ  of  sense,  the  ear  or  eye,  and 
very  many  of  tlie  phenomena  to  be  studied  under  eacli  subject 
are  of  importance  onl}'  to  one  or  the  other  of  tliese  senses  ; 
while  the  most  common,  and  many  of  the  most  important  appli- 
cations of  heat  and  electricity  have  no  direct  relation  to  anj 
organ  of  sense.  Second,  both  sound  and  light,  we  shall  find 
originate  in  vibrating  bodies,  and  reach  us  only  by  the  inter 
vention  of  some  medium  capable  of  being  set  in  vibration. 

Here,  as  in  all  other  kinds  of  motion,  energy  is  involved  ;  the 
ear  or  eye  absorbs  energy  whenever  a  sensation  is  produced,  but 
the  amount  absorbed  is  so  minute,  and  the  difficult^'  of  measuring 
it  so  great,  that  usuall}^  other  points  better  deserve  the  student's 
attention. 

Let  us  begin  with  the  study  of  such  vibrations  as  will  neither 
produce  sound,  nor  in  a  dark  room  affect  the  eye. 

XXXVIII.     VIBRATION   AND  WAVES. 

§247.  Vibration.  —  Experiment  l.  Repeat  the  experiment  with 
the  pendulum  I'"  long,  page  HI,  and  note  in  what  respects  its  motion 
differs  from  most  other  motions. 

Experiment  2.  Take  a  pendulum  50<="  long,  hold  it  with  the  string 
just  touching  an  edge  of  a  table,  having  the  hand  about  38<'™  above  the 
table,  and  set  it  vibrating ;  the  ball  will  be  seen  to  vibrate  faster  in  the 
portion  of  its  arc  that  is  under  the  table  than  in  the  other  portion,  and 
60  more  vibrations  ai'e  made  in  ten  seconds  than  if  the  string  swing 
freely  without  touching  the  table. 
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Experiment  3.  "Without  the  pendulum,  move  the  hand  quickly  frotii 
Bide  to  side  every  two  seconds,  turning  instantly  at  one  side,  and  wait- 
ing at  the  other  till  the  two  seconds  are  up. 

These  three  motions,  though  very  different,  have  this  in  com- 
mon :  the  motions  in  each  case  occur  at  equal  intervals  of  time. 
This  interval  of  time  is  called  the  period  of  vibration.  In  Exp.  1 
it  was  two  seconds  ;  in  Exp.  2,  about  one  second  ;  and  in  Exp.  3, 
two  seconds.  The  motion  from  one  side  to  the  other  and  back 
is  called  a  vibration.    If  n  =  the  number  of  vibrations  in  one 

second,  and  t  =  the  period,  t  =—     The  amplitude  of  pendulum 

vibrations  is  assumed  to  be  very  small.  In  Exp.  1  the  motion  is 
called  a  simple  (or  pendular)  vibration;  in  the  other  cases  the 
vibration  of  the  ball  or  the  hand  is  complex.  Do  not  confound 
period  with  duration  of  the  vibrating  state ;  in  Exp.  1  the 
pendulum  may  have  vibrated  ten  or  one  hundred  seconds, 
before  coming  to  rest,  but  the  period  was  two  seconds.  Con- 
sidered mathematically,  other  periodic  (and  therefore  vibratory) 
motions  are,  the  movements  of  the  hands  of  a  watch,  the  reffu- 
lar  trips  of  a  stage-coach,  etc.  A  vibration  is  a  recurrent  change 
of  position. 

§  248.  Direction  of  vibration.  —  A  small  rod,  like  a  yard- 
stick, fixed  at  one  end,  may  be  set  in  vibration  by  pulling  the 
other  end  to  one  side  ;  a  tree  vibrates  in  the  wind  ;  the  strings 
of  a  piano  swing  from  side  to  side  when  vibrating ;  in  all  these 
cases  the  motion  is  at  right  angles  to  the  length  of  the  body^ 
and  so  the  body  is  bent.  These  are  all  cases  of  transversa 
vibrations. 

Experlmeut.  Hang  up  a  spiral  spring,  or  elastic  cord,  with  a  weight 
attached  to  the  lower  end;  lift  the  weight,  and,  dropping  it,  notice 
that  the  cord  vibrates,  lengthening  and  shortening  rapidly. 

The  motion  of  the  body  is  iu  the  direction  of  its  length,  and 
HO  it  is  not  bent ;  this  is  a  case  of  longitudinal  vibration.  Twist 
the  string,  and  sec  that  it  is  possible  to  set  up  torsional  vibra' 
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Hons.     Compare  these  kinds  of  vibration  with   the   kinds   of 
elasticity  studied  on  page  30. 

§  249.  Propagation  of  vibration.  —  Waves.  —  Experi- 
ment. Take  a  soft  cotton  rope,  a  few  meters  long,  lay  it  straight  on 
a  floor,  set  one  end  iu  vibration  by  quick  movements  of  the  hand. 
Notice  any  point  in  the  rope,  and  see  that  it  is  set  in  vibration ;  that 
is,  it  moves  up  and  down,  or  laterally  from  side  to  side  through  its 
original  position  of  rest.  Make  a  single  movement  of  the  hand,  which 
is  better  called  a  pulse  than  a  vibration ;  it  is  easy  to  see  that  the 
pulse  does  not  reach  all  points  of  the  rope  at  the  same  time.  Send  a 
quick  succession  of  equal  pulses  along  the  rope ;  at  any  instant  differ- 
ent pulses  affect  different  parts  of  it,  and  you  get  more  or  less  perfectly 
the  familiar  form  that  we  call  a  wave-line.  Notice  that  any  point  of 
the  rope  only  moves  up  and  down,  while  the  form  of  the  wave  moves 
on.  Vibrate  the  hand  in  a  longer  period,  and  notice  that  the  distance 
from  crest  to  crest  is  longer  than  before. 

§  250.  Wave-length  and  amplitude.  —  Imagine  an  in- 
stantaneous photograph  taken  of  the  rope  along  which  the  waves 

are  passing.  It  would  appear 
much  like  the  curved  line  CD, 
Figure  202.  This  curve  repre- 
sents what  is  known  as  a  simple 
wave-line.  The  shortest  of  the 
■^  similar   portions   into    which  a 

wave-line  can  be  cut  is  called  a  wave-length,  as  wx,  uv,  or  en. 
The  greatest  distance  of  any  point  in  a  wave  from  the  axis,  as 
ou,  is  called  the  amplitude  of  the  wave. 

§  251.  Reflection  of  waves.  —  Interference.'  —  Experi- 
ment 1.  Stretch  the  rope  horizontally  between  two  elevated  points, 
and  pluck  it  with  the  hand  or  strike  it  with  a  stick  near  one  end,  and 
send  along  it  a  single  pulse,  forming  a  crest  on  the  rope  (A,  Fig. 
203).  This  travels  to  the  other  end,  and  there  we  see  it  reflected  and 
inverted  (B). 

?  gee  Section  G  of  the  Appendix, 
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Fig.  203. 


Experiment  2.  —  Just  at  the  instant  of  reflection  start  a  second 
crest ;  these  two,  the  crest  and  the  returning  inverted  crest  or  trough 

(C),  are  now  traveling 
along  the  rope  in  oppo' 
•site  directions,  and  must 
meet  at  some  point.  This 
point  will  be  urged  up- 
ward by  the  crest  and 
downward  by  the  trough, 
and  so  its  motion  will  be 
due  to  the  difference  of 
the  two  forces. 

This  action  on  a  single  point  of  two  pulses,  or  two  trains  of 
waves,  no  matter  if  from  different  sources,  is  termed  interfer- 
ence. The  resulting  motion  may  be  greater  or  less  than  that 
due  to  either  pulse  alone,  or  it  may  l)e  zero. 

§  252.  Water-waves.  If  you  have  a  long  and  rather 
narrow  box  or  trough,  nearly  filled  with  water,  you  can  pro- 
duce much  ihe  same  effects  as  with  the  rope.  Water-waves 
furnish  important  illustrations  of  the  fact  that  energy  may  be 
transmitted  by  vibration  as  truly  as  by  the  actual  transfer  of  the 
medium,  as  in  the  river's  current  or  the  wind. 

§  253.  Longitudinal  waves.  Experiment.  Procure  a  brass 
wire  wound  in  the  form  of  a  spiral  spring,'  about  4'"  long.  Attach  one 
end  to  a  cigar-box,  and  fasten  the  box  to  a  table.  Hold  the  other  end,  II, 
of  the  spiral  (h-mly  in  one  hand,  and  with  the  other  hand  insert  a  knife- 

p^    005  blade  between  the 

A  B  C  turns  of  the  wire, 

and  quickly  rake 
it  for  a  short  dis- 
tance   along  the 
spiral  toward  the 
box,  thereby  crowding  closer  together  for  a  little  distance  (B,  Fig. 
20-))  the  turns  of  wire  in  front  of  the  hand,  and  leaving  the  turns 
behind  pulled  wider    apart   (A)    for  about  an  equal   distance.      The 

..,imn;?K-un','.",i?^i'^?'  ^  '"■.""*  ''P"'"-'-«;irf  should  be  wound  with  care  in  *  lathe  on  a 
•pluaJc  li-ui  lu  (iluinutcr,  us  close  uh  possibli;.  ■ 
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crowded  part  of  the  spiral  may  be  called  a  condensation,  and  the 
stretched  part  a  rarefaction.  The  condensatiou,  followed  by  the  rare- 
faction, runs  with  great  velocity  through  the  spiral,  strikes  the  box,  pro- 
ducing a  sharp,  loud  blow ;  is  reflected  from  the  box  back  to  the  hand, 
and  from  the  hand  again  to  the  box,  producing  a  second  blow ;  and  by 
skilful  manipulation  three  or  four  blows  may  be  produced  in  rapid  suc- 
cession. If  a  piece  of  twine  be  tied  to  some  turn  of  the  wire,  it  will 
be  seen,  as  each  wave  passes  it,  to  receive  a  slight  jerking  movement 
forward  and  backward  in  the  direction  of  the  length  of  the  spiral. 

How  is  energy  transmitted  tlirough  tliese  4""  of  spring  so  as 
to  deliver  the  blow  on  the  box?  Certainly  not  by  a  bodily 
movement  of  the  spiral  as  a  whole,  as  might  be  the  case  if  it 
were  a  rigid  rod.  The  movement  of  the  twine  shows  that  the 
only  motion  which  the  coil  undergoes  is  a  vibratory  movement 
of  its  turns.  Here,  as  in  the  case  of  water-waves,  energy  is 
transmitted  through  a  medium  by  the  transmission  of  vibrations. 

There  are  two  important,  distinctions  between  this  kind  of 
wave  and  a  liquid  wave  :  the  former  consists  of  a  condensation 
and  a  rarefaction  ;  the  latter,  of  an  elevation  and  a  depression  ; 
in  the  former,  the  vibration  of  the  parts  is  in  the  same  line  with 
the  path  of  the  wave,  and  hence  these  are  called  longitudinal 
waves;  in  the  latter,  across  its  path,  and  they  are  therefore 
transverse  waves. 

A  wave  cannot  be  transmitted  through  an  inelastic  soft  iron 
spiral.  Elasticity  is  essential  in  a  medium.,  that  it  may  transmit 
waves  made  up  of  condensations  and  rarefactions;  and  the  greater 
the  elasticity,  the  greater  the  facility  and  rapidity  with  which  a 
medium  transmits  waves. 

§  254.  Air  as  a  medium  of  wave-motion.  —  May  not  air 
and  other  gases,  which  are  elastic,  serve  as  media  for  waves  ? 

Experiment.  Place  a  candle  flame  at  the  orifice  a  of  the  tube,'  Figure 
206,  and  strike  the  table  a  sharp  blow  with  a  book  near  the  orifice  b. 

1  This  tube,  which  will  serve  many  Important  purposes,  may  be  made  of  tin  in  three 
parts,  A  and  B,  each  2.5"  long,  and  10°™  in  diameter,  and  a  conical-shaped  cap  C  about 
30«"  long,  having  an  orifice  of  3™  diameter.  The  ends  of  the  three  parts  should  be 
made  slightly  tapering,  so  that  they  may  bo  put  together  like  a  stove-pipe. 
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Instantly  the  candle  flame  is  quenched.  The  body  of  air  in  the  tube 
serves  as  a  medium  for  transmission  of  motion  to  the  candle. 

Was  it  the  motion  of  a  current  of  air  through  the  tube,  as  when 
blown  through,  or  was  it  the  transfer  of  a  vibratory  motion?  Burn 
touch-paper '  at  the  orifice  h,  so  as  to  fill  this  end  of  the  tube  with 
smoke,  aud  repeat  the  last  experiment. 

Evidently,  if  the  body  of  air  is  moved  along  through  the  tube,  the 
smoke  will  be  carried  along  with  it.  The  candle  is  blown  out  as  before, 
but  no  smoke  issues  from  the  orifice  a.     It  is  clear  that  there  is  no 


translation  of  material  particles  from  one  end  to  the  other, — notliing 
like  the  flight  of  a  rifle  bullet.  The  candle  flame  was  struck  by  some- 
thing like  &  pulse  of  air,  and  not  by  a  wind. 


§  255.  How  a  -wave  is  propagated  through  a  medium. 
—  The  effect  of  applying  force  with  the  hand  to  the  sphal 
spring  is  to  produce  in  a  certain  section  (B,  Fig.  20.5)  of  the 
spiral  a  crowding  together  of  the  turns  of  wire,  and  at  A  a 
separation  ;  but  the  elasticity  of  the  spiral  instantly  causes  B  to 
expand,  the  effect  of  which  is  to  produce  a  crowding  together  of 
th(!  turns  of  wire  in  front  of  it,  in  the  section  C,  and  thus  a  for- 
ward movement  of  the  condensation  is  made.  At  the  same 
time,  the  e.\pansion  of  B  causes  a  filling  up  of  the  rarefaction  at 
A,  so  that  this  section  is  restored  to  its  normal  state.  This  is 
not  all :  the  folds  in  the  section  B  do  not  stoj)  in  their  swing 
when  they  have  recovered  their  original  position,  but,  like  a 
pendulum,  swing  beyond  the  position  of  rest,  thus  producing  a 
rarefaction  at  B,  where,  immediately  before,  there  was  a  eon- 

■  To  i)ro|mre  toucli-piiper,  dissolve  about  a  teasiioonful  of  saltix'tiT  in  a  half  tuacupfuJ 
of  hot  waUT,  dip  unslzfd  paper  in  llie  solution,  and  theu  allow  it  to  dry.  The  paper  pro 
Uucc«  much  Biuokc  in  burning,  but  no  flume. 
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densation.  Thus  a  forward  movement  of  the  rarefaction  is 
made,  and  thus  a,  pulse  or  wave  is  transmitted  with  uniform 
velocity  through  a  spiral  spring,  air  or  any  elastic  medium. 


XXXIX.     WAVE-SOUNDS. 

§  256.  How  sound  originates.  —  Listen  to  yonder  sound- 
ing church-bell.  It  produces  a  sensation  ;  it  is  heard.  If  the 
orifices  of  the  ear  be  stopped  by  pressing  the  palms  of  the 
hands  against  them,  the  sensation,  in  a  great  measure,  ceases. 
The  ear  is,  therefore,  the  organ  of  sense  through  which  the 
sensation  of  hearing  is  produced.  The  bell  must  be  the  cause 
of  the  impression  made  on  the  ear.  But  the  bell  is  at  such  a 
distance  that  it  cannot  itself  act  on  the  ear  ;  yet  something  must 
act  on  the  ear,  and  it  must  be  the  bell  which  causes  that  some- 
thing to  act. 

Commencing  at  the  origin  of  sound,  let  the  first  inquiry  be. 
How  does  a  sonnding  body  differ  from  a  silent  body  ? 

Experiments.  Strike  a  bell  or  a  glass  bell-jar,  and  touch  the  edge 
with  a  small  coi'k  ball  suspended  by  a  tliread.  What  takes  place?  Touch 
the  bell  gently  with  a  tiiiger.  What  is  the  sensation?  Press  the  hand 
against  the  bell.  What  is  the  result?  Strike  the  prongs  of  a  tuning- 
fork,  press  the  stem  against  a  table,  you  hear  a  sound.  Touch  gently 
the  cheek  with  the  end  of  one  of  the  prongs.  Thrust  the  ends  of  the 
prongs  just  beneath  the  surface  of  water.  Watch  the  strings  of  a 
piano,  guitar,  or  violin,  or  the  tongue  of  a  jews-harp,  when  sounding. 
From  the  above  experiments  do  you  conclude  that  a  sounding  body  is 
in  motion?  What  kind  of  motion?  How  does  this  motion  differ  from 
that  which  we  call  heat?  How  does  it  differ  from  the  motion  of  a 
projectile? 

The  difference  between  a  body  when  sounding  and  when  not 
sounding  is,  that  when  sonnding  it  is  in  a  state  of  continuous 
vibration  ;  when  not  sounding,  this  vibration  is  absent,  and  the 
parts  of  the  body  are  at  rest  among  themselves.  We  conclude 
that  sound  originates  in  a  vibrating  body. 


S06  somm. 

Sounds  that  proceed  from  the  tuning-fork  and  the  vioUn 
string  are  examples  of  sound  produced  by  transverse  vibrations. 

Experiment  1.  With  oue  hand  grasp  at  its  center  a  glass  tnbe 
about  1™  long;  lay  a  damp  woolen  cloth  on  the  palm  of  the  other  hand, 
and  grasp  the  tube  tightly  with  this  hand,  and  slide  it  quickly  length- 
wise the  tube.  The  friction  between  the  cloth  and  the  tube  will  throw 
the  latter  iHto  longitudinal  vibrations,  and  a  loud,  shrill  sound  will  be 
produced. 

Experiment  2.  Take  a  strip  of  sheet-iron  or  brass  15™  long  and 
Qcm  xvide,  make  a  hole  near  one  end,  and  suspend  by  a  string  1™  long 
from  the  hand,  and  rotate  it  rapidly  about  the  hand  after  the  manner 
of  a  sling.  The  string  will  rapidly  twist  and  untwist,  and  a  loud  sound 
will  result  from  the  torsional  vibrations. 

§  257.  How  sound  travels.  —  How  can  a  bell,  sounding 
at  a  distance,  affect  the  ear?  If  the  bell  while  sounding  pos- 
sesses no  peculiar  property  except  motion,  then  it  has  nothing 
to  communicate  to  the  ear  but  motion.  But  motion  can  be 
communicated  by  one  body  to  another  at  a  distance  only  through 
some  medium. 

Does  sound  require  a  medium  for  its  communication?  If  so, 
what  is  the  medium  ? 

Experiment.  Lay  a  thick  tuft  of  cotton-wool  on  the  plate  of  an 
air-pump,  and  on  this,  face  downward,  place  a  loud-ticking  watch,  and 
cover  with  the  receiver.  Notice  that  the  receiver,  interposed  between 
the  watch  and  your  ear,  greatly  diminishes  the  sound,  or  interferes 
with  the  jiassage  of  something  to  the  ear.  Take  a  few  strokes  of  the 
pump  and  listen ;  the  sound  is  more  feeble,  and  continues  to  grow  less 
and  less  distinct  as  the  exhaustion  progresses,  until  either  no  sound 
can  be  heard  when  the  ear  is  placed  close  to  the  receiver,  or  an  ex- 
tremely faint  one,  as  if  coming  from  a  great  distance.  The  removal 
of  air  from  a  portion  of  the  space  between  the  watch  and  your  ear 
destroys  the  sound,  although  the  watch  continues  to  tick.  Let  in  the 
air  again  and  the  sound  is  restored. 

Thus  it  appears  that  so?<ncZ  cannot  travel  through  a  vacuum;  in 

other  words,  tvithout  a  medium,  and  the  medium  in  this  case  is  air. 

By   which  of  the   two  methods  described   in  §  254  is  mo- 
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tiou  transmitted  from  the  sounding  bod}'  through  the  air?  Take 
an  extreme  case  :  A  cannon  is  discharged  at  a  distance  of  one- 
fourth  of  a  mile  from  you.  Ton  not  only  hear  the  sound,  but 
feel  the  shock  communicated  by  the  air ;  the  windows  are 
shaken  by  it ;  at  the  same  time,  you  easil}'  perceive  that  it  is 
not  the  motion  of  a  wind,  but  the  motion  of  a  pulse.  It  can 
easily  be  shown  that  the  pulse  travelled  at  a  rate  of  about  800 
miles  in  an  hour,  or  with  nearly  the  velocity  of  a  rifle  ball, 
whereas  the  wind  of  a  hurricane  seldom  exceeds  75  miles  an 
hour.  What,  think  you,  would  be  the  result  if  you  were  to  be 
struck  by  a  gust  of  wind  of  such  velocit}'?  Yet  the  softest 
whisper  travels  with  very  nearly  the  same  speed. 

§  258.  Air-"waves.  —  Boys  amuse  themselves  by  inflating 
paper  bags,  and  with  a  quick  blow  bursting  them,  producing 
with  each  a  single  loud  report.  First  the  air  is  suddenly  and 
greatly  condensed  by  the  blow,  the  bag  is  burst ;  the  air  now,  as 
suddenly  and  with  equal  force,  expands,  and  by  its  expansion 
condenses  the  air  for  a  certain  distance  all  around  it,  leaving  a 
rarefaction  where  just  before  had  been  a  condensation.  If  many 
bags  were  burst  at  the  same  spot  in  rapid  succession,  the  result 
would  be  that  alternating  shells  of  condensation  and  rarefaction 
would  be  thrown  off,  all  having  a  common  center,  enlarging  as 
the}'  advance,  like  the  waves  formed  by  stones  dropped  into 
water ;  onl}-  that,  in  this  case,  the  waves  are  not  like  rings,  but 
hollow  globes  ;  not  circular,  but  spherical. 

As  a  wave  advances,  each  individual  aii'-particle  concerned  in 
its  transmission  performs  a  short  excursion  fro  and  to  in  a 
straight  line  radiating  from  the  center  of  the  shells  or  hollow 
globes.  A  particle  begins  to  move  when  the  front  of  the  shell 
of  compression  touches  it,  and  completes  its  motion  when  the 
back  of  the  next  shell  of  rarefaction  leaves  it.  Accordingly,  an 
air-wave  travels  its  otvn  length  in  the  time  that  a  particle  occupies 
in  going  through  one  complete  vibration  so  as  to  he  ready  to  start 
main. 
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§259.  What  sound  is. — The  term  sound  is  sometimes 
used  to  denote  a  sensation,  sometimes  to  denote  the  external 
cause  of  the  sensation  ;  it  is  in  this  latter  sense  that  the  word  is 
used  in  Ph^'sics,  and  that  we  have  to  define  it. 

If  the  ear  replace  the  candle  in  the  experiment  (§  254),  the 
air-pulse  [jroduces  a  loud  sound.  Air-waves  started  by  the  voice 
may  affect  a  flame.  In  fact,  the  relation  between  the  cause  of 
our  sensation  and  a  vibration  is  so  uniform  that  we  may  saj', 
Sound  is  vibration  that  may  be  appreciated  by  the  ear.  Accord- 
ing to  this  definition,  is  the  vibration  in  the  metal  of  a  ringing 
bell  sound  ?  If  not,  what  vibration  is  that  which  we  call  the 
sound  of  a  bell  ? 

§  260.  Solids  and  liquids  as  media  transmitting  sound. 
—  Experiment  1.  Lay  a  watch,  with  its  bade  cUnviiward,  ou  aud  near 
to  one  end  of  a  long  board  (or  table) ,  and  cover  the  watch  with  loose 
folds  of  cloth  till  its  ticking  cannot  be  heard  through  the  air  in  any 
direction  at  a  distance  equal  to  the  length  of  the  board.  Now  place 
the  ear  in  contact  with  the  distant  end  of  the  board. 

Experiment  2.  Place  one  end  of  a  long  pole  on  the  sounding-board 
of  a  piano,  and  apply  the  stem  of  a  vibrating  tuning-fork  to  the  other 
end. 

Experiment  3.  Place  the  ear  to  the  earth,  and  listen  to  the  rumbling 
of  a  distant  carriage;  or,  put  the  ear  to  one  end  of  a  long  stick  of  tim- 
ber, and  let  some  one  gently  scratch  the  other  end  with  a  pm. 

Experiment  4.  The  following  experiment  will  be  found  very  in- 
structive and  satisfactory :  Let  two  persons  stand  about  lifteen  rods 
apart,  and  one  of  them  strike  two  pebl)li'-stones  together  so  as  to  be 
scarcely  audible  to  the  other.  Then,  when  at  the  same  distance  apart, 
let  one  of  them  tlive  to  the  bottom  of  a  pond  of  water,  or  hold  one  ear 
for  a  few  seconds  beneath  the  surface  of  the  water,  while  the  other, 
extending  his  hands  into  the  water,  strikes  the  stones  together  as 
iH'fore.  Describe  the  result  in  each  of  as  many  of  the  above  and 
similar  experiments  as  you  can  make.  To  what  general  conclusion  do 
they  all  lead? 

Solids  and  lifjuids^  as  well  as  gases,  transmit  sound  vibra- 
pi<ius, 
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XL.     VELOCITY   OF    SOUND. 

•§  261.  On  -what  velocity  of  sound  depends.  —  The  flash 
of  a  gun,  however  distant,  is  seen  by  an  observer  at  the  instant 
it  is  made.  But  the  report,  if  the  distance  is  several  hundred 
yards,  is  heard  a  Uttle  later.  If  the  distance  is  a  mile,  an  in- 
terval of  nearl3'  five  seconds  will  occur ;  so  tliat  sound  must 
occup3'  that  time  in  traveling  a  mile,  or  it  must  travel  about 
1100  feet  in  a  second,  —  a  velocity  somewliat  less  than  that  of 
a  rifle  ball. 

It  is  apparent  that  sound  must  travel  more  slowh'  in  a  dense 
than  in  a  rare  medium,  inasmuch  as  in  the  former  there  is  a 
greater  mass  to  be  moved ;  on  the  other  hand,  it  travels 
faster  in  the  medium  that  is  the  most  ehislic.  Density 
retards  and  elasticity  increases  the  velocity  of  sound.  The  rela- 
tion of  velocity  to  the  density  and  elasticity  of  gases,  as  ascer- 
tained b}'  careful  experiment,  is  as  follows  :  the  velocity  of  sound 
in  gases  is  directly  proportional  to  the  square  root  of  their  elasti- 
city^ and  inversely  proportioyial  to  the  square  root  of  their 
respective  densities. 

The  velocit}'  of  sound  in  air  at  0°C.  has  been  found  to  be 
333™  (1093  ft.)  per  second.  Its  velocity  increases  nearly  six- 
tenths  of  a  meter  for  each  degree  centigrade.  At  the  temper- 
ature of  1G°C.  (GO°F.)  we  ma}'  reckon  the  velocity  of  sound 
at  about  342'"  (1125  ft.)  per  second. 

The  greater  density  of  solids  and  liquids,  as  compared  with 
gases,  tends,  of  course,  to  diminish  the  velocity  of  sound  ;  but 
their  greater  elasticity  ^  more  than  compensates  for  the  decrease 
of  velocity  occasioned  by  the  increase  of  densit}'.  As  a  general 
rule,  solids  are  more  elastic  than  liquids  ;  hence,  sound  generally 
travels  faster  in  the  former  than  in  the  latter.  For  example, 
sound  travels  in  water  about  4  times  as  fast  as  in  air  ;  in  lead, 

'  The  queetion  will  very  pertinently  arise  here,  inasmuch  as  gases  are  perfectly 
elastic,  How  can  solid.s  and  liquids  be  regarded  as  having  greater  elasticiiy?  It  should 
be  understood  that  while  gases  completely  recover  their  volume  after  a  compressing 
force  is  removed^  the^  do  it  more  sluggishly  than  solids  and  liquid§. 
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4  times  ;  in  gold,  5  times  ;  in  brass,  10  times  ;  in  copper,  11 
times ;  in  iron,  IG  times  ;  in  glass,  16  times  ;  in  wood,  along 
ibe  liber,  between  10  and  15  times ;  in  wood,  across  the  fiber, 
between  4  and  6  times. 

QUESTIONS. 

1.  (a)  If  a  body  of  gas  is  compressed,  how  is  its  density  or  volume 
aftected?  (See  §  125.)  (i)  How  is  its  elasticity  affected?  (c)  How  is  it 
affected  as  regards  the  velocity  with  which  it  will  transmit  sound? 

2.  Hydrogen  is  sixteen  times  lighter  (or  rarer)  than  oxygen  under 
the  same  pressure,  (a)  In  which  will  sound  travel  faster?  (6)  "Why? 
(c)  How  mauy  times  faster? 

3.  When  sound  travels  in  air  with  a  velocity  of  SSI™  per  second,  it 
travels  in  carbonic  acid  gas  at  the  rate  of  262™  per  second,  (a)  Which 
is  the  denser  gas?     (b)  How  mauy  times  denser? 

4.  When  a  confined  body  of  air  is  heated,  it  has  its  elasticity  in- 
creased without  any  change  of  density.  How  will  this  afifect  transmis- 
sion of  sound? 

5.  If  air  is  heated  aud  allowed  to  expand  freely,  as  on  a  warm 
summer  day,  its  elasticity  is  unaffected,  but  its  density  is  diminished ; 
how  will  this  affect  the  transmission  of  sound? 


XLI.     REFLECTION   AND   REFRACTION   OF    SOUND. 

§262.  Reflection.  —  In  the  experiment  with  the  spiral 
spring,  waves  were  reflected  from  the  box  to  the  baud,  mid 
from  tlir  band  to  the  box.  When  a  sound-wave  meets  nu 
ob.staele  in  its  course,  it  is  reflected  ;  and  a  sound  lieard  after 
being  thus  reflected  is  often  called  an  echo,  or  reverberation  when 
many  times  reflected,  so  thr.t  the  sound  becomes  nearly  con- 
tinuous. 

§  263.  Sound  reflected  by  concave  mirrors.  —  Experi- 
ment, riaco  a  watch  at  tlic  focus  (page  286)  A,  Figure  208,  of  a  con- 
cave mirror  G.  At  llic  focii'^  B  of  another  concave  mirror  IT,  place  tlie 
large  opening  of  a  small  tunnel,  and  with  a  rubber  connector  attach 
the  bent  glass  tube  C  to  the  nose  of  the  tunnel.  The  extremity  D 
being  placed  in  the  car,  the  ticking  of  the  watch  can  be  heard  very 
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distinctly,  as  though  it  were  somewhere  near  the  mirror  H.  Though 
the  mirrors  be  o'"  apart,  tlie  sound  will  be  heard  much  louder  at  B  than 
at  an  interterinediate  point  E. 

How  is  this  explained?  Every  air-particle  in  a  certain 
radial  line,  as  Ac,  receives  and  transmits  motion  in  the  direc- 
tion of  this  line  ;  the  last  particle  strikes  the  mirror  at  c,  and 
b^ing  perfectly  elastic,  bounds  off  in  the  direction  cc'  in  con- 
formity to  the  law  of  reflection  (§87),  communicating  its 
motion  to  the  particles  in  this  line.  At  c'  a  similar  reflection 
gives  motion  to  the  air-particles  in  the  line  c'B.  In  consequence 
of  these  two  reflections,  all  divergent  lines  of  force,  as  Ad,  Ae, 

etc.,  that  meet  the  mirror 

^'  ^^'  -        G,    are     there     rendered 

^    /\  y\  ''  parallel,    and   afterwards 

rendered    convergent    at 


fr^A 


V 


'D^ 


the  mirror  H.  The  prac- 
tical result  of  the  concen- 
tration of  this  scattering 
force  is,  that  a  sound  of 
great  intensity  is  heard  at  B.  The  points  A  and  B  arc  called 
the  foci  of  the  mirrors.  The  front  of  the  wave  as  it  leaves  A 
is  convex,  in  passing  from  G  to  II  it  is  plane,  and  from  II 
to  B  concave.  If  you  fill  a  large  circular  tin  basin  with 
water,  and  strike  otie  edge  with  a  knuckle,  circular  waves  Avitli 
concave  fronts  will  close  in  on  the  center,  heaping  up  the 
water  at  that  point. 

Long  "whispering-galleries"  have  been  constructed  on  this  prin- 
ciple. Persons  stationed  at  the  foci  of  the  concave  ends  of  the  long 
gallery  can  carry  on  a  conversation  in  a  whisper  which  persons  be- 
tween cannot  hear.  A  most  notable  instance  was  that  of  the  "  Ear  of 
Dionysius,"  in  the  dungeon  of  Syracuse.  The  roof  of  the'  prison  was 
so  constructed  as  to  transmit  through  a  narrow  passage  cut  in  the  rock, 
to  the  ear  of  the  tyrant,  even  the  whispers  of  the  victims  there  con- 
fined. 

The  external  ear  is  a  sound  condenser.  The  hand  held  concave 
behind  the  car,  by  its  increased  siufacc;  adds  to  its  efficiency.     An  ear 
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trumpet,  by  successive  reflections,  serves  to  concentrate,  at  the  small 
orifice  opening  into  the  ear,  all  the  sound-waves  that  enter  at  the  large 
end. 


4;  264.  Refraction.  —  If  you  place  your  ear  at  the  small  end 
of  a  tunnel  C  (Fig.  209) .  and  listen  to  the  ticking  of  a  watch  A, 


Fig.  209. 


4""  distant,  and  then  introduce  a  collodion  balloon  B  filled  with 
carbonic  acid  gas  between  your  ear  and  the  watch,  and  very 
near  the  latter,  the  sound  becomes  much  louder.. 

Tiic  cause  is  olivioiis;  for,  let  the  curved  lines  a,  b,  c,  etc.,  represent 
sections  of  sound-waves  with  convex  fronts,  and  B  a  spherical  body 
of  carbonic  acid  iras  which  is  denser  than  air;  then  it  is  clear  that, 
owinii  to  the  slower  progress  of  the  waves  in  the  denser  gas,  they 
would  become  flattened  on  entering  this  gas,  and  the  waves  of  convex 
frout.s  may  he  changed  to  waves  of  plane  fronts.  Again,  points  at 
tiie  extremities  of  the  waves,  having  less  distance  to  travel  in. the  denser 
gas  than  points  near  the  center,  would  emerge  first  and  get  in  advance, 
and  thus  the  wave  fronts  which  are  plane  wliile  wholly  in  the  dense 
gas.  become  concave  on  leaving  it.  By  these  changes  in  the  form  of 
111''  wave  fronts,  sound  energy  which  was  originally  becoming diSVised 
llirougii  wider  and  wider  space,  and  therefore  becoming  less  intense 
as  it  progressed,  is  so  changed  in  ilirection  in  passing  into  and  out  of 
a  medium  of  greater  density,  that  the  energy  is  finally  concentrated  at 
a  distant  point,  as  at  C,  and  thereby  intensified. 

\i\\  change  in  direction  of  sound,  caused  by  passing  from  a 
inrdiiiin  of  a  certain  density  into  a  medium  of  different  density, 
is  called  refraction. 
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XLTI.    LOUDNESS   OF   SOUND. 

§  265.  LoudrLGSS  depends  on  amplitude  of  vibrations. — 
Gently  tap  the  prongs  of  a  tuning-fork  and  dip  them  into  water, 
—  the  water  is  scarcely  moved  by  them  ;  increase  the  force  of 
the  blow,  —  the  vibrations  become  wider,  and  the  water  spray  is 
thrown  with  greater  force  and  to  a  greater  distance.  The  same 
thing  occurs  when  the  forli  vibrates  in  air ;  though  we  do  not 
see  the  air-particles  as  they  are  batted  by  the  moving  fork, 
yet  we  feel  the  effects  as  a  sound  sensation,  and  we  judge  of 
their  energy  by  the  intensity  of  the  sensation.  Loudness  of 
sound  is  really  the  measure  of  a  sensation  ;  but  as  we  have  no 
suitable  or  constant  standard  of  measurement  for  a  sensation, 
we  are  compelled  to  measure  rather  the  intensit}'  of  the  sound- 
wave, knowing  at  the  same  time  that  the  loudness  is  not  pro- 
portional to  this  intensity  ;  unfortunately  the  expressions  loud- 
ness and  intensity  of  sound  are  often  interchanged.  The  inten- 
sity of  a  vibration  is  measured  by  the  energy  of  the  vibrating 
particle.  It  is  clear  that  if  the  amplitude  of  vibration  of  a 
particle  is  doubled  while  its  period  remains  constant,  its  velocity 
is  doubled  (or  nearly  so) ,  and  its  energy  becomes  therefore  four 
times  as  much  as  at  first.  Hence,  (1)  Measured'  mechanically, 
the  loudness  or  intensity  of  sound  is  2')roportional  to  the  square 
of  the  amplitude  of  the  vibrations  of  the  sounding  body. 

§  266.  Loudness  depends  upon  the  density  of  the  me- 
dium. —  In  tlie  experiment  with  the  watch  under  the  receiver 
of  the  air-pump  (§257),  the  sound  grew  feebler  as  tlie  air 
became  rarer.  Aeronauts  are  obliged  to  exert  themselves 
more  to  make  their  conversation  heard  when  they  reach  great 
liights  than  when  in  the  denser  lower  air.  Fill  a  glass  bell-jar 
with  hydrogen  gas,  and  place  in  it  a  small  alarm  clock  ;  the 
sound  is  exceedingly  weak  and  tliin,  as  compared  with  the 
sound  when  the  jar  is  filled  with  air.  These  experiments  teach 
us,  (2)  that  the  intensity  of  sound  depends  upon  the  density  of 


314  SOttND. 

the  medium  in  which  it  is  produced.  In  a  rare  medytn  a  vibrat- 
ino-  liodv  during  a  single  vibration  sets  in  motion  either  fewer 
particles,  as  in  the  case  of  the  partially  exhausted  receiver,  or, 
as  in  the  case  of  the  hydrogen  gas,  it  sets  in  motion  lighter  par- 
ticles than  iu  a  dense  medium  ;  consequently  it  parts  with  its 
energy  more  slowly,  and  the  sound  is  consequently  weaker. 

(In  which  ought  the  vibrations  of  a  body  to  last  longer,  —  in 
a  dense  or  in  a  rare  medium?     Why?) 

§267.  Loudness  depends  on  distance.  —  It  is  a  matter 
of  every-day  observation  that  the  loudness  of  a  sound  dimin- 
ishes ver}'  rapidly  as  the  distance  from  its  source  to  the  ear 
increases.  The  ear  is  not,  however,  able  to  compare  very  aecu- 
ratel}-  the  loudness  of  two  sounds ;  for  instance,  it  cannot 
determine  when  one  sound  is  just  twice  as  loud  as  another. 
This,  however,  so  far  as  it  is  affected  by  distance,  can  be  very 
accurately  determined  by  calculation.  For  it  is  evident  that  as 
a  sound-wave  recedes  from  its  source  in  an  ever-widening  sphere, 
a  given  amount  of  energy  becomes  distributed  over  an  ever- 
increasing  surface  ;  and  as  a  greater  number  of  particles  par- 
take of  the  motion,  individual  particles  receive  proportionally 
less  energy  ;  hence  it  follows,  —  as  a  consequence  of  the  geomet- 
rical truth',  tliat  the  surface  of  a  sphere  varies  as  the  square  of  its 
radius,  —  tliat  (3)  the  intensity  of  sound  varies  inversely  as  the 
square  of  the  distance  from  its  source.  For  example,  if  two  per- 
sons, A  and  B,  are  respectively  500  and  1000  meters  from  a  gun 
when  it  is  discharged,  the  report  that  reaches  A  Afill  be  four 
times  as  loutl  as  tlie  same  report  when  it  reaches  B. 

§  268.  Speaking  tubes.  —  Experiment,  riacc  a  •vvatoli  at  one 
011(1  of  tlio  Ion-,'  tin  tnl)o  (Fi^.  20fi),  and  the  ear  at  the  other  end.  The 
ticking  is  heard  very  loud,  as  though  the  watch  were  close  to  the  ear. 

Ix)ng  tin  tn]>es,  called  speaking  tubes,  passing  through  many 
apartments  in  a  I)iiilding,  enable  persons  at  the  distant  extremi- 
ties to  carry  on  conversation  iu  a  low  lone  of  voice,  while  per- 
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sons  in  the  various  rooms  through  which  the  tube  passes  hear 
nothinor.  The  reason  is  the  sound-waves  which  enter  the 
tube  are  prevented  from  expanding,  consequently  the  intensity 
of  sound  is  not  affected  by  distance,  except  as  its  energy  is 
wasted  by  friction  of  the  air  against  the  sides  of  the  tube. 

§  269.  Distinction  between  noise  and  musical  sound. 
If  the  body  that  strikes  the  air  deals  it  but  a  single  blow,  like  the 
discharge  of  a  fire-cracker,  the  ear  receives  but  a  single  shock, 
and  the  result  is  called  a  noise.  If  several  shocks  are  slowly 
received  by  the  ear  in  succession,  the  ear  distinguishes  them 
as  so  many  separate  noises.  If,  however,  the  body  that  strikes 
the  air  is  in  vibration,  and  deals  it  a  great  number  of  little  blows 
in  a  second,  or  if  a  large  number  of  fire-crackers  are  discharged 
one  after  another  verj'  rapidl}',  so  that  the  ear  is  unable  to  dis- 
tinguish  the  individual  shocks,  the  effect  produced  is  that  of  one 
continuous  sound,  which  may  be  pleasing  to  the  ear  ;  and,  if  so, 
it  is  called  a  musical  sound.  But  continuity  of  sound  does  not 
necessaril}-  render  it  musical.  The  sound  produced  by  a  hun- 
dred children  beating  various  articles  in  a  room  with  clubs 
might  not  be  lacking  in  continuity,  but  it  would  be  an  intoler- 
able noise.  There  would  be  wanting  those  elements  that  please 
the  ear;  viz.,  regularity  both  in  periodicity  and  intensity  ^f  the 
shocks  which  it  receives.  The  distinction  between  music  and 
noise  is,  generally  speaking,  a  distinction  between  the  agreeable 
and  the  disagreeable,  between  regularity  and  confusion.  The 
characteristics  of  a  musical  sound  are  regularity  and  simplicity. 
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Fig.  215. 


XLin.     PITCH    OF    SOUNDS. 

§  270.  On  what  pitch  depends,  —  Draw  the  finger-nail 
slowly,  and  then  rapidly,  across  the  teeth  of  a  comb.  The  two 
musical  sounds  produced  are  Gommoaly  described  as  low  or 
grave,  and  high  or  acute,  and  the  hight  of  a  musical  sound  is 
called  pitch.  "What  is  the  cause  of  a  difference  in  hight  or 
pitch  of  two  sounds? 

Experiment.  Procure  a  circular  sheet-iron  or  pasteboard  disk  A, 
Figure  215,  30"="'  iu  diameter.     From  the  center  of  the  disk  describe  a 

circle  with  a  radius  of  12«'".  In  the  circumfer- 
ence of  this  circle,  with  a  punch,  cut  holes  8""" 
in  diameter,  leaving  equal  iuterval.s  of  about  2«=" 
between  the  holes.  Insert  in  a  rubber  tube  a 
piece  of  glass  tube  B,  of  F'"  bore,  drawn  out  at 
one  end  so  that  its  orifice  is  about  i"^  iu  diame- 
ter. Attach  the  disk  to  some  rotating  apparatus, 
hold  the  small  orifice  of  the  glass  tube  opposite 
the  holes,  and  blow  steadily  through  the  tube, 
and  rotate  the  disk  at  first  very  slowly  and  then 
with  gradually  increasing  rapidity.  The  breath, 
as  it  makes  its  exit  from  the  tube,  cannot  escape 
continuously  through  the  holes,  but  is  cut  up  by 
,^^  the  passing  obstructions  into  a  series  of  puffs, 

^^5^  which  at  first  are  heard  as  so   many  distinct 

^_g^riy^^^«  sounds;  as  tlie  speed  increases,  the  number  of 

l  puffs  \\\  a  second  increases,  until  the  ear  can  no 

9^  longer  separate  them,  when  they  blend  together 

iu  a  deep  soiuid  of  a  definite  pitch. 


The  peculiarity  of  this  instrument  is  that  it  does  not  produce 
sound  by  its  own  A-ibratious.  Every  time  the  air  is  driven 
tiirough  a  liole,  it  produces  a  pulse  of  condensation  iu  the  air 
beyond;  and  during  the  interval  between  the  successive  dis- 
charges, a  pulse  of  rarefaction  will  be  caused  by  the  elasticity  of 
the  air,  so  that  the  result  is  the  same,  so  far  as  the  effect  ou 
the  air  nieduini  is  concerned,  as  if  a  body  were  vibrating 
in   it.      As   the  velocity,-  increases,  the  pitch  constantly  rises, 
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until,  at  the  greatest  speed  conveniently'  attainable,  it  becomes 
painfully  shrill.  Varying  the  force  of  the  breath  affects  the 
loudness  of  the  sound,  but  does  not  affect  its  pitth; 

So  we  iiave  discovei-ed  the  important  fact  that  pitch  depends' 
xqjon  vibration-frequency   or  wave-lengthy  i.e.-,  tiie  greater   the 
number  of  vibrations  per  second,  or  (he  shorter  the  wave-lengthy 
the  higher  the  pitch..    If  the  number  of  vibrations  per  second 
is  doubled,  the  pitch  is  raised  one  octave. 


QUESTIONS    AND    EXERCISES. 

r.     Why  does  the  same  bell  always  give  a  sound  of  the  same  pitcK? 

2.  (a)  What  is  the  effect  of  sti'iking  a  bell  with  different  degrees  of 
force?  (b)  What  change  in  the  vibrations  is  produced?  (c)  What' 
property  of  sound  remains  the  same? 

3.  (a)  Strike  a  key  of  a  piano,  and  hold  it  down;  what  is  the  only 
change  you  observe  in  the  sound  produced  while  it  remains  audible? 
(b)  What  is  the  cause  of  this  change? 

4.  Rake  the  teeth  of  a  comb  with  a  finger-nail,  at  first  slowly,  then 
quickly,  and  account  for  the  difference  in  the  character  of  the  sounds 
produced. 

5.  (a)  On  what  does  pitch  depend?     (i)  On  what,  loudness? 


§  271.  Limits  of  the  scale  and  hearing.  —  The  lowest 
note  of  a  7J  octave  piano  makes  about  27i,  the  highest,  4,224 
vibrations  per  second;  but  these  extreme  notes  have  little 
musical  value,  and  the  lowest  notes  are  only  used  for  their  har- 
monics. The  range  of  the  human  voice  lies  between  100 
and  1,000  vibrations  per  second,  or  a  little  more  than  three 
octaves ;  an  ordinary  singer  has  ab'""*^!  the  compass  of  two 
octaves. 
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The  ear  \8  capable  of  hearing  vibr.itioiis  far  exceeding  id 
number  the  requirements  of  music.  It  can  appreciate  sounds 
arising  from  32  to  38,000  vibrations  '  per  second,  i.e.,  a  range 
of  about  eleven  octaves,  and  a  corresponding  range  of  wave- 
length between  seventy  feet  and  three  or  four  tenths  of  an  inch. 
These  numbers  vary,  however,  considerably  with  the  person. 
Exceptional  ears  can  hear  as  many  as  50,000  vibrations.  Some 
ears  can  hear  a  bat's  cry,  or  the  creaking  of  a  cricket ;  others 
cannot. 
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XLIV.    VIBRATION   OF   STRINGS. 

§  272.     Sonometer.  —  Experiment.     Take  a  piece  of  violin- 
striug  or  piano-wire  a  little  longer  than  your  table.     Fasten  one  end  to 

a  nail  in  one  end   of  the 
'  Fig.  218.  table,  and  pass  the  other 

end  over  a  pulley  fastened 
to  the  other  end  of  the 
table,  and  to  this  end  of 
the  string  suspend  a  pail 
containing  sand,  the  two 
weighing  just  a  pound. 
Place  under  the  string, 
near  the  ends  of  the  table, 
two  wedge-shaped  bridges 
A  and  B  (Fig.  21fi).  An  apparatus  thus  arranged  is  called  a  sonometer. 
I'luck  the  string  with  the  fingers  near  the  middle,  causing  it  to  vibrate, 
and  note  the  pitch  of  the  sound,  and  the  length  of  the  string  between 
tlie  bridges.  Move  the  bridge  A  toward  B ;  the  pitch  rises  as  the  vibrat- 
ing portion  of  the  string  is  shortened.  Vary  the  position  of  A  until  a 
l)it<li  is  obtained  an  octave  above  the  pitch  given  at  first,  and  it  will  be 
found  that  the  string  is  just  one-half  its  original  length;  i.e.,  by  halving 
the  string  its  vibration-number  is  doubled. 

Now,  increasing  the  weight  in  the  pail,  the  pitch  rises,  till,  when  the 
tension  is  four  pounds,  the  pitch  has  risen  an  octave.  Let  tlie  ten- 
sion be  the  same ;  try  another  string,  weighing,  for  the  same  length, 
four  times  as  much;  the  pitch  is  an  octave  lower  than  that  given  by 
the  lighter  string.  (These  experiments  will  not  give  very  accurate 
results. ) 

» Preyer  place*  the  iowett  limit  for  Bome  e»rt  at  16  \ibratloo«  per  Mcond, 
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These  conclusions  may  be  summarized  by  saying  :  The  vihra- 
tiun-numbers  of  strings  of  the  same  material  vary  inversely  as 
their  lengths  and  square  roots  of  their  weights,  and  directly  as  the 
square  roots  of  their  tensions. 


QUESTIONS  AND  PROBLEMS. 

1.  Why  does  a  violinist  linger  the  strings  of  the  violin  when  play- 
ing? 

2.  Examine  the  strings  of  a  piano,  and  ascertain  the  different 
methods  by  which  a  wide  range  of  pitch  is  effected. 

3.  HoAv  does  the  length  of  the  string  that  gives  the  note  F  compare 
with  the  length  of  the  C-string  below  it,  other  things  being  equal? 


XLVI.     QUALITY   OF   SOUND. 

Let  the  same  note  be  sounded  with  the  same  intensity,  suc- 
cessively, on  a  variety  of  musical  instruments,  e.g.,  a  violin, 
cornet,  clarinet,  accordion,  jews-harp,  etc.  ;  each  instrument 
will  send  to  your  ear  the  same  number  of  waves,  and  the  waves 
from  each  will  strike  the  ear  with  the  same  force  ;  yet  the  ear  is 
able  to  distinguish  a  decided  difference  between  the  sounds,. — 
a  difference  that  enables  us  instantly  to  identify  the  instruments 
from  which  they  come.  Sounds  from  instruments  of  the  same 
kind,  but  by  different  makers,  usuall}'  exhibit  decided  differences 
of  character.  For  instance,  of  two  pianos,  the  sound  of  one 
will  be  described  as  richer  and  fuller,  or  more  ringing,  or  more 
"  wiry,"  etc.,  than  the  other.  No  two  human  voices  sound 
exactly  alike.  That  difference  in  the  character  of  sounds,  not 
due  to  pitch  or  intensity,  that  enables  us  to  distinguish  one 
from  another,  is  called  quality.  Two  sounds  may  differ  from 
one  another  in  loudness,  pitch,  or  quality;  they  can  differ  in  no 
other  respect. 
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Pitch  depends  on  fri'quencv  of  vibrations,  loudness  on  their 
amplitude  ;  on  lohdt  does  quality  depend? 


§  273.     Analysis  of  sounds.  —The  uuaided  ear  is  unable,  ex- 
cept to  a  very  limited  extent,  to 
°' ""  ■  distiuji;uish  the  individual  tones 

that  compose  a  note.  Ilelmholt  z 
arranged  a  series  of  resonators 
consisting  of  lioUow  spheres  of 
brass, each  having  twoopeniugs : 
one  (A,  Fig.  220)  large,  for  the 
receptionof  the  sound-waves, and 
the  other  (B)  small  and  funnel- 
shaped,  and  adapted  for  inser- 
tion into  the  ear.  Each  reson- 
ator of  the  series  was  adapted 
bj'  its  size  to  resound  powerfully 
to  only  a  single  tone  of  adetinite  pitch.  When  any  musical  sound  is 
produced  in  front  of  these  resonators,  the  ear,  placed  at  the  orifice  of 
any  one,  is  able  to  single  out  from  a  collection  that  overtone,  if  present, 
to  which  alone  this  resonator  is  capable  of  responding.  It  is  found 
that,  when  a  note  is  produced  on  a  given  instrument,  not  only  is  tliere 
a  great  variety  of  intensity  represented  l)y  the  overtones,  but  all  tlie 
Vossible  overtones  of  tlie  series  are  by  no  means  present.  Wliicli  are 
wanting  depends  very  much,  in  stringed  instruments,  upon  the  point  of 
the  string  struck.  For  example,  if  a  string  is  struck  in  its  midiUe,  no 
note  can  i;e  formed  at  tliat  point;  conseciuently,  tlic  two  important 
iiv<rt()nes  produced  l)y  2  and  4  times  tlie  luimbur  of  vil)rations  of  the 
fumlamcntal  will  be  wanting.  Strings  of  pianos,  violins,  etc.,  are 
generally  struck  near  one  of  their  t-nds,  and  thus  they  are  deprived  of 
only  .Nome  of  their  higher  and  feebler  overtoues. 


CHAPTER   VI. 


RADIANT  ENERGY. -LIGHT. 


L.  INTRODUCTION. 

§  274.  Light  a  form  of  energy.  - —  Exposed  to  the  sun,  the 
skin  is  warmed,  and  thus  the  sense  of  touch  is  affected  ;  it  is 
illuminated,  and  thereby  the  sense  of  sight  is  affected  ;  it  is 
tanned,  and  thereby  its  chemical  condition  is  changed.  It  is  evi- 
dent that  we  receive  something  which  must  come  to  us  from  the 
sun.  To  the  sense  of  touch  it  appears  to  be  heat ;  to  the  eye 
it  is  light ;  to  certain  substances  it  is  a  power  to  produce  chemi- 
cal changes.  But  what  is  it  that  ive  receive 
from  the  sun  ? 


Fig.  234. 


Experiment.  —  Blacken  one-half  of  one  side  of  a 
slip  of  glass  with  candle-smoke.  With  a  convex 
lens,  sometimes  called  a  "  biu'uing-glass,"  converge 
the  sun's  light  upon  the  blackened  portion  so  as  to 
produce  a  small  luminous  spot  on  the  black  surface. 
This  spot  quickly  becomes  very  hot,  but  the  lens 
meantime  remains  comparatively  cold.  Move  the 
luminous  spot  to  the  unblackened  portion  of  the 
glass.  The  spot  becomes  only  shi^htly  heated. 
Place  a  piece  of  paper  behind  and  in  contact  with 
the  glass,  and  it  qnickly  burns. 

Whether  we  receive  heat  from  the  sun  or 
not,  it  is  evident  that  we  receive  somethins; 
that  can  be  converted  into  heat. 

Figure  234  represents  an  instrument  called 
a  radiometer.     The  moving  part  is  a  small  vane  resting  on  the 
point  of  a  needle.     It  is  so  nicely  poised  on  this  pivot  that  it 
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rotates  with  tlie  greatest  freedom.  To  the  extremities  of  each 
of  tlie  lour  arms  of  the  vane  are  attached  disks  of  aluminum 
which  are  white  on  one  side  and  black  on  the  other.  The  whole 
is  enclosed  in  a  glass  bulb  from  which  the  air  is  exhausted  till 
less  than  -pjVtj  ^^  ^^^  original  quantity  is  left.  If  the  instrument 
is  exposed  to  the  sun's  light,  or  even  to  the  light  of  a  candle, 
the  wheel  will  rotate  with  the  unblackened  faces  in  advance. 

In  just  what  manner  it  is  caused  to  rotate  does  not  concern 
us  ;  l)ut  the  fact  that  it  does  rotate,  and  that  it  is  caused  to 
rotate  direetl}'  or  indirectly  by  something  that  comes  from  the 
sun  or  the  candle,  is  pertinent  to  the  question  before  us.  When- 
ever a  body  is  caused  to  move  or  increase  its  rate  of  motion, 
energy  must  be  imparted  to  it ;  hence  energy  must  be  imparted 
to  the  radiometer-vane  by  the  sun  or  candle. 

Bell,  the  inventor  of  the  telephone,  has  succeeded  in  produc- 
ing musical  sounds  by  the  action  of  sun-light  and  other  intense 
lights.  Rut  sound  always  originates  in  motion,  and  motion 
springs  only  from  some  form  of  energ}'.  So^  then,  that  which  we 
receive  from  the  sun,  tohether  it  affects  the  sense  of  touch  and  is 
called  heat,  or  the  eye  and  is  called  light,  or  2^roduces  chemical 
changes  and  i.s  called  chemism,  is  in  reality  some  form  of  energy. 

§  275.  Ether  the  medium  of  motion.  —  If  light  is  motion, 
what  moves  ?  Our  atmosphere  is  but  a  thin  investment  of  the 
earth,  while  the  great  space  that  separates  us  from  the  sun  con- 
tains no  air  or  other  known  substance.  But  empty  space  can 
neither  receive  nor  communicate  motion.  It  is  assumed  —  it  is 
necessary  to  assume  —  that  there  is  some  medium  filling  the 
inlerplanetary  space,  in  fact,  filling  all  otherwise  unoccupied 
space  (i.e.,  where  matter  is  not,  ether  is),  by  which  motion 
can  be  communicated  from  one  point  in  the  otherwise  empty 
space  to  another.  This  medium  has  received  the  name  of  ether. 
VAhor  is  8up[)oscd  to  penetrate  e\eu  among  the  molecules  of 
licpiid  and  solid  matter,  and  thus  surrounds  every  molecule  of 
matter  in  the  universe,  as  the  atmosphere  surrounds  the  earth. 
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No  vacuum  of  this  medium  can  be  obtained  ;  an  attempt  to 
pump  it  out  of  a  Space  would  be  like  trying  to  pump  water 
with  a  sieve  for  a  piston.  We  cannot  see,  hear,  feel,  taste, 
smell,  weigh,  nor  measure  it.  What  evidence,  then,  have  we 
that  it  exists  ?  You  believe  that  a  horse  can  see  ;  3'ou  have  no 
absolute  knowledge  of  the  fact.  But  you  reason  thus :  he  be- 
haves as  if  he  could  see  ;  in  other  words,  you  are  able  to  account 
for  his  actions  on  the  hypothesis  that  he  can  see,  and  on  no 
other.  Phenomena  occur  just  as  the}'  would  occur  if  all  space 
were  filled  with  an  ethereal  medium  capable  of  transmitting 
motion,  and  we  can  account  for  these  phenomena  on  no  other 
hypothesis  ;  hence  our  belief  in  the  existence  of  the  medium. 

The  transmission  of  energy  through  the  medium  of  ether  is 
called  radiation;  energy  so  transmitted  is  called  radiant  energy, 
and  the  body  emitting  energy  in  this  manner  is  called  a  radiator. 
Sound  is  another  form  of  radiant  energy  transmitted  through 
solid,  liquid,  or  gaseous  media. 

§  276.  Undulatory  theory  of  light.  —  Is  motion  commu- 
nicated by  a  transfer  of  a  medium  or  by  a  transfer  of  vibrations, 
i.e.,  by  undulations  ?  All  evidence  points  to  one  conclusion: 
that  we  receive  energy  from  the  sun  in  the  form  of  vibrations  or 
wave-action ;  that  these  vibrations,  inaudible  to  our  ears,  cause 
through  the  eye  the  sensation  of  sight,  and  through  the  hand  the 
sensation  of  warmth.  This  is  known  as  the  undulatory  theory  of 
light.  To  learn  what  the  special  evidences  of  the  correctness 
of  this  theor}'  are,  the  pupil  must  wait  for  further  development 
of  our  subject ;  but  it  should  })e  borne  in  mind  that  the  strongest 
proof  of  the  correctness  of  any  theory  is  its  exclusive  competence 
to  explain  phenomena.  Light  is  vibration  that  may  he  appre- 
ciated by  the  organ  of  sight. 

§  277.  Ray,  beam,  pencil.  — Any  line,  R  R,  Figure  235, 
which  pierces  the  surface  of  a  wave  of  light,  a  b,  perpendicularly 
is  called  a  ray  of  light.  It  is  an  expression  for  the  direction 
in  which  motion  is  propagated,  and  along  which  tlie  successive 
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effocts  of  light  occur.     If  the  wave-surface  a'  b'  is  a  plane,  the 
rays  R'  R'  are  parallel,  and,  a  collection  of  such  rays  is  called  a 

beam  of  light.     If  the  wave-surface 
^'g' ^^'  a'  b"    is  spherical  or   concave,  the 

rays  R''  R"  have  a  common  point  at 
the  center  of  curvai  ure,  and  a  coir 
lection  of  such  rays  is  called  - 
pencil  of  light. 

§  278.  Seeing  an  object.  — 
"When  a  pencil  of  light  enters  youi". 
eye  you  experience  a  sensation 
which  leads  you  to  the  conclusion 
that  a  particle  of  matter  liis  at  the 
point  of  intersection  of  the  rays  of 
the  pencil,  and  yon  say  that  you  see 
a  particle  of  matter  at  that  pointi 
The  reasoning  bv  whicli  vou  reach 
tiiis  conclusion  is  the  result  of  ex- 
perience ;  and,  since  you  go  through 
this  process  of  reasoning  uncon 
sciously,  it  is  called  unconscious  reasoning.  If  your  eye  is 
turned  towards  a  candle-flame,  a  pencil  of  light  enters  your  eye 
from  each  particle  of  the  flame,  and  the  sensation  experienced 
leads  you  to  conclude  that  a  particle  of  matter  lies  at  the  poin' 
ill  wliich  the  rays  of  each  pencil  of  light  intersect.  The  ag- 
gregation of  tiiese  particles  constitutes  the  flame,  and  3'ou  arc 
h-(l  to  say  tliat  you  see  the  flame.  From  this  explanation  it 
will  he  seen  tliat,  when  you  say  that  you  see  a  certain  object  in* 
a  certain  position,  you  have  experienced  the  sensation  arising 
from  pencils  of  light  entering  your  eye,  just  as  if  they  had' 
emanated  from  all  the  points  in  an  object  so  situated,  and  had 
travelled  in  straiyht  lines  to  your  eye.  If  a  uniform  medium, 
such  as  the  air  at  the  surface  of  the  earth  usually  is,  lies  be- 
Iwci'ii   }«»iir   eye    and   the  luminous  object,    the  ra}S   of  light 
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do  travel  in  straight  lines,  and  you  see  tlie  object  where 
it  actually  is.  But  if  by  any  means  the  r^j's  of  light 
emanating  from  a  luminous  object  have  their  directions 
changed  before  entering  your  e^'e,  of  course  the  sensation  is 
changed,  and  you  do  not  see  the  object  where  it  actually  is. 
If,  after  the  change  of  direction,  the  rays  of  light  enter  your 
eye  just  as  they  would  enter  it  if  they  emanated  from  the  points 
of  some  object  in  a  second  position,  and  travelled  in  straight 
lines  to  your  eye,  you  see  an  object  in  this  second  position,  or, 
as  it  is  commonly  expressed^  you  see  an  image  of  the  object. 
But  if,  after  the  change  of  direction,  the  rays  of  light  enter 
your  eye  as  they  could  not  enter  it  if  they  emanated  from  tlie 
points  of  any  possible  object  in  any  possible  position,  and 
travelled  in  straight  lines  to  your  eye,  you  do  not  see  anything, 
that  is,  your  experience  does  not  enable  you  to  draw  any  con- 
clusion from  the  sensation. 


Experiment.  Hold  a  lighted  candle  in  front  of  a  plane  mirror. 
The  particles  of  the  flame  on  the  side  towards  your  eye  give  rise  to 
pencils  of  light,  the  rays  of  which  travel  in  straight  hnes  to  your  eye, 
and  lience  j^ou  see  the  flame  where  it  actually  is.  At  the  same  time 
other  pencils  of  light  are  generated,  some  of  which,  striking  the  mirror, 
are  reflected  and  enter  your  eye,  gust  as  if  they  had  emanated  from  the 
particles  of  a  flame  behind  the  mirror,  and  their  rays  had  travelled 
thence  in  straight  lines  to  your  eye.  In  consequence  of  the  sensation 
produced  by  these  pencils  of  light  you  see  an  image  of  the  flame  behind 
the  mirror.  Sometimes,  guided  by  other  senses,  or  judging  from 
previous  experience,  you  may  be  able  to  determine  whether  you  are 
seeing  an  objector  only  an  image  of  it;  sometimes  you  are  quite  imable 
to  determine. 


§  279.  Transparent,  translucent,  and  opaque  bodies.  — 
Bodies  are  transjiarenty  translucetit,  or  opaque,  according  to  the 
manner  in  which  they  act  upon  the  luminiferous  waves  which 
pass   through   them.     Generally   speaking,    those   objects   are 
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transparetd  that  allow  other  objects  to  be  seen  through  them 
distinctly  ;  e.g.,  air,  glass,  and  water.  Those  objects  are  trans- 
lucent that  allow  light  to  pass,  but  in  such  a  scattered  condition 
that  objects  are  not  seen  distinctly  through  them;  e.g.,  fog, 
ground  glass,  and  oiled  paper.  Those  objects  are  opaque  that 
apparently  cut  off  all  the  light  and  prevent  objects  from  being 
seen  through  them. 

§  280.  Luminous  and  illuminated  objects.  —  Some  bodies 
are  seen  by  means  of  light,  which  thej'  generate  and  emit;  e.g., 
the  sim,  a  candle  flame,  and  a  "live  coal";  they  are  called 
luminous  bodies.  Other  bodies  are  seen  onl}'  by  means  of  light 
which  they  receive  from  luminous  ones,  and  when  thus  rendered 
visible,  are  said  to  be  illuminated;  e.g.,  the  moon,  a  man,  a 
cloud,  and  a  "dead"  coal. 


Fig.  236. 


§  281.  Every  point  of  a  luminous  body  an  independent 
source  of  light.  —  Place  a  candle  flame  in  the  center  of  a 
darkened  room ;  every  wall  and 
ever}'  point  of  each  wall  becomes 
ilhnniiiatod.  Place  your  eye  in 
any  part  of  the  room,  i.e.,  in  any 
direction  from  the  flame  ;  it  is  able 
to  see  not  only  the  flame,  but 
every  point  of  the  flame  ;  hence 
every  point  of  the  flame  must  emit 
light  in  every  direction.  Every 
point  of  a  luminous  body  is  an  in- 
dependent source  of  light  and  emits 
light  in  every  direction.  Such  a 
point  is  called  a  luminous  point.  In  Figure  230  there  are 
represented  a  few  of  the  infinite  number  of  pencils  of  light 
emitted  by  three  linninous  points  of  a  candle  flame.  Every  point 
of  an  ilhiminated  object  ab  receives  light  from  every  luminous 
point. 
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§  282.  Images  formed  through  small  apertures,  —  Ex- 
periment.—Cut  a  hole  about  8«'n  square  in  one  side  of  a  box;  cover 
tlie  hole  with  tin-foil,  and  prick  a  hole  in  the  foil  with  a  pin.  Place  the 
liox  in  a  darkened  room,  and  a  candle  flame  in  the  box  near  to  the  pin- 
hole. Hold  an  oiled-paper  screen  before  the  hole  in  the  foil.  What  do 
you  observe?    Cau  you  account  for  the  phenomenon? 


If  light  from  objects  illuminated  by  the  sun  —  e.g.,  trees, 
houses,  clouds,  or  even  an  entire  landscape  —  is  allowed  to  pass 
through  a  small  aperture  in  a  window  shutter  and  strilvc  a 
white  screen,  or  a  white  wall  in  a  dark  room,  ra^'s  carrying  with 
them  the  color  of  the  points  from  which  they  issue  will  imprint 
tlieir  own  color  on  the  screen,  and  inverted  images  of  the  objects 
in  their  true  colors  will  appear  upon  it.  The  cause  of  these  phe- 
nomena is  easily  understood. 
When  no  screen  intervenes 
between  the  candle  and  tlie 
screen  A,  Figure  237,  every 
point  of  the  screen  receive.^ 
liglit  from  every  point  of 
the  caudle  ;  consequently,  on 
ever}'  point  on  A,  images  of 
the  infinite  number  of  points 
of  the  candle  are  formed. 
The  result  of  the  confusion  of  images  is  equivalent  to  no  image. 
But  let  the  screen  B,  containing  a  small  hole,  be  interposed  ;  then, 
since  light  travels  onh'  in  straight  lines,  the  point  Y'  can  only 
receive  an  image  of  the  point  Y,  the  point  Z'  only  of  the  point 
Z,  and  so  for  intermediate  points  ;  hence  a  distinct  image  of  the 
object  must  be  formed  on  the  screen  A.  Tliat  an  image  may  hs 
distinct,  the  rays  from  different  points  of  the  object  must  not  mix 
on  the  image,  hut  all  rays  from  each  j^oint  on  the  object  must 
be  carried  to  its  own  poiyit  on  the  image. 
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QUESTIONS. 

1.  Why  are  images,  formed  through  apertures,  inverted? 

2.  Why  is  the  size  of  the  image  dependent  on  the  distance  of  the 
screen  from  the  aperture? 

3.  Obtain  tlie  dimensions,  respectively,  of  an  object  and  its  image, 
and  their  respective  distances  from  tlie  intervening  screen,  and  ascer- 
tain tlio  law  that  determines  in  all  cases  tlie  size  of  an  image. 

4.  Why  does  an  image  become  dnnmer  as  it  becomes  larger? 

5.  Why  do  we  not  imprint  an  image  of  our  person  on  every  object 
in  front  of  which  we  stand? 

6.  Can  rays  of  light  cross  one  another  without  interfering? 

7.  What  fact  does  a  gunner  recognize  in  taking  sight? 


§  283.  Shadows.  —  Experiment  1.  Procure  two  pieces  of  tin 
or  card-board,  one  18<=™  square,  the  other  S*^™  square.  Place  the  first 
between  a  white  wall  and  a  candle  flame  in  a  darkened  room.  The 
opaque  tin  intercepts  the  light  that  strikes  it,  and  thereby  excludes 
light  from  a  space  behind  it. 

This  space  is  called  a  shadmv.  That  portion  of  the  surface 
of  tir.'  wall  that  is  darkened  is  a  section,  of  the  shadow,  and 
represents  the  form  of  a  section  of  tlic  body  tl)at  intercepts  the 
li<2;ht.  A  section  of  a  shadow  is  frequently  for  convenience 
called  a  sluulow.  Notice  that  tlie  shadow  is  made  up  of  two 
distinct  parts,  —  a  dark  center  bordered  on  all  sides  by  a  much 
li^htiT  fringe.  The  dark  center  is  called  the  umbra,  and  the 
lighter  envelope  is  called  the  iienumlrra. 

Kxporiiiient  2.  Carry  the  tni  nearer  the  wall,  and  notice  that  the 
penumbra  gradually  disappears  and  the  outline  of  the  umbra  becomes 
more  distinct.  Emi)l()y  two  candle  flames,  a  little  distance  apart,  and 
notice  tliat  two  shadows  arc  produced.  Move  tlie  tin  toward  the  wall, 
and  the  two  shadows  approach  one  another,  then  touch,  and  finally  over- 
l.ip.  Notice  that  wIutc  they  overlap  the  shadow  is  deepest.  Why 
is  this? 

Just  so  the  umbra  of  every  shadow  is  the  part  that  gets  no 
li(jhl  from  a  luminous  body,   ivhile   the  penumbra,  is  the  part 
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(hat   gets   light  from  some  portion  of  the  body,  but  not  from 
the  whole. 


Experiment  3.     Repeat    the   above   experiments,   employing   the 
smaller  piece  of  tin,  and  note  all  diflerences  in  phenomena  that  occur. 

Hold  a  hair  in  the  sunlight,  about  a 
centimeter  in  front  of  a  fly-leaf  of  this 
book,  and  observe  the  shadow  cast  by 
the  hair.  Then  gradually  increase  the 
distance  between  the  hair  and  the  leaf, 
and  note  the  change  of  phenomena.  If 
the  source  of  light  were  a  single  luminous  point,  as  A,  Figure  238,  the 
shadow  of  an  opaque  body  B  would  be  of  infinite  length,  and  would  con- 
sist only  of  an  umbra.  But,  if  the  source  of  light  has  a  sensible  size, 
the  opaque  body  will  intercept  just  as  many  separate  pencils  of  light  as 
there  are  luminous  points,  and  consequently  will  cast  an  equal  number 
of  independent  shadows. 


Fig.  239. 

p^--- 

HfeHt 

^  -^3^^^^JJB 

m 

ipp^'-**— 

f' 

- 

Let  A  B,  Figure  239,  represent  a  luminous  body,  and  CD  an  opaque 
body.  The  pencil  from  the  luminous  point  A  will  be'  intercepted  be- 
tween the  lines  C  F  and  D  G,  and  tiie  pencil  from  B  will  be  intercepted 
between  the  lines  CE  and  D  F.  Hence,  the  light  will  be  wholly  ex- 
cluded only  from  the  space  between  the  lines  CF  and  DF,  which 
enclose  the  umbra.  The  enveloping  penumbra,  a  section  of  which  is 
included  between  the  lines  CE  and  C  F,  and  between  DF  and  D  G, 
receives  light  from  certain  points  of  the  lummous  body,  but  not  from  all. 
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QUESTIONS. 

1.  Explain  the  umbra  and  peuumbra  cast  by  the  opaque  body  H  I, 
Figure  2:?!>. 

2.  When  will  a  transverse  section  of  an  umbra  of  au  opaque  body  be 
larger  than  the  object  itself? 

3.  When  has  an  umbra  a  limited  length? 

4.  What  is  the  shape  of  the  umbra  cast  by  the  sphere  C  D,  Figure  239  ? 
6.   If  C  D  should  become  the  luminous  body,  and  A  B  a  non-luminous 

opaque  body,  what  changes  would  occur  in  the  umbra  and  the  shadow 
cast? 

6.  Why  is  it  difficult  to  determine  the  exact  point  where  the  umbra 
of  a  church-steeple  terminates  on  the  ground? 

7.  What  is  the  shape  of  a  section  of  a  shadow  cast  by  a  circular  disk 
placed  obliquely  between  a  luminous  body  and  a  screen?  What  is  its 
hhape  when  the  disk  is  placed  edgewise? 

8.  The  section  of  the  earth's  umbra  on  the  moon  in  an  eclipse  always 
has  a  circular  outline.  What  does  this  show  respecting  the  shape  of 
the  earth? 

LI.  PHOTOMETRY. 

§284.  Law  of  inverse  squares. —  Experiment  1.  Arrange 
apparatus  as  follows:  Lay  a  silver  lialf-dollar  on  the  center  of  a  circu- 
lar piece  of  stiff,  white,  unglazcd  paper  of  IS^""  diameter,  and  rub  the 
entire  surface,  except  the  portion  covered  by  the  coin,  with  a  sperm  or 
a  tallow  candle.  Hold  the  paper  in  a  warm  oven  for  a  minute.  When 
the  paper  is  placed  between  two  lights  in  a  darkened  room,  the  un- 
greased  spot  will  ajipear  light  on  a  dark  background  on  the  side  which 
receives  the  more  light,  and 

dark  on  a  light  background  '"'  ~ 

on  the  side  which  receives 
less  light;  but  the  spot  be- 
comes nearly  invisible 
when  both  sides  are  equal- 
ly illuminated.  Draw  a 
straight  chalk  line  across 
a  table,  aiul  place  at  right 
angles  to  this  line  a  row  of  four  lighted  candles,  and  on  the  same 
line,  at  a  distance,  a  single  lighted  candle.  Half-way  between  this 
candle  and  the  row  of  candles  place  the  prepared  paper,  as  in  Figure 
240.     It  is  evideut  that  one  side  of  the  paper  receives  four  times  the 
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light  that  the  other  does.  Move  the  row  of  lights  slowly  away  from 
the  paper,  or  move  the  single  light  toward  the  paper,  and  a  point  will 
be  fomid  in  either  case  where  the  spot  will  nearly  disappear.  What  is 
the  position  of  the  paper  with  respect  to  the  two  sources  of  light  when 
this  occurs?    What  do  you  infer? 

Thus,  by  doubling  the  distance,  the  intensity  of  illumination 
is  diminished  four-fold.  In  a  similar  manner  it  may  be  shown 
that  at  three  times  the  distance  it  takes  nine  lights  to  be  equiv- 
alent to  one  light.  Hence,  the  intensity  of  light  diminishes  as 
the  square  of  the  distance  increases.  This  is  called  the  law  of 
inverse  squares. 

Experiment  2.  Introduce  the  paper  disk,  as  above,  between  a 
candle  light  and  a  kerosene  light  or  &  gas  flame,  and  so  regulate  the 
distance  that  the  central  spot  will  disappear,  and  calculate  the  relative 
intensities  of  the  two  lights  in  accordance  with  the  law  of  inverse 
squares. 

Apparatus  arranged  for  this  purpose  is  called  a  photometer. 
"The  candle  x>ower,  which  is  the  unit  of  light  generally  em- 
plo3ed  in  photometry,  is  the  amount  of  light  given  by  a  sperm 
candle  weighing  one-sixth  of  a  pound,  and  burning  one  hundred 
and  twenty  grains  an  hour."  The  relative  brightness  of  the  com- 
mon sources  of  light  are  approximately  as  follows  ^ :  — 

Sunlight  at  the  sun's  surface 190,000  candle  power. 

Most  powerful  electric  ai'c ^ 55,900       "          " 

Most  powerful  calcium  light 1,300       "          " 

Light  of  ordinary  gas-burner 12  to  16       "          " 

Standard  candle 1       "          " 

"The  total  quantity  of  light  emitted  by  the  sun  is  equivalent 
to  the  light  of  6,300,000,000,000,000,000,000,000,000  (six  thou- 
sand  three  hundred  billions  of  billions)  candles."  Of  this  enor- 
mous quantity  of  light  the  earth  intercepts  an  extremely  small 
fraction. 

1  C.  A.  Young. 
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QUESTIONS. 

1.  Suppose  that  a  lighted  candle  is  placed  in  the  center  of  each  of 
three  cubical  rooms  respectively  10,  20,  and  30  feet  on  a  side ;  would  a 
single  wall  of  the  flrst  room  receive  more  or  less  light  than  a  single 
wall  of  either  of  the  other  rooms? 

2.  Would  one  square  foot  of  a  wall  of  the  third  room  receive  as 
much  light  as  would  be  received  b.y  one  square  foot  of  a  wall  of  the 
lirst  room?  If  not»  what  difl'erence  would  there  be,  and  why  the  differ- 
ence? 

3.  If  a  board  lO"""  square  is  placed  25'='"  from  a  candle  flame,  the  area 
of  the  shadow  of  the  board  cast  on  a  screen  75<=™  distant  from  the 
candle  will  be  how  many  times  tlie  area  of  the  board?  Then  the  light 
intercepted  by  the  board  will  illuminate  how  much  of  the  surface  of 
the  screen  if  the  board  is  withdrawn? 

4.  Give  a  reason  for  the  law  of  Inverse  Squares. 

6.   To  what  besides  light  has  this  law  been  found  applicable? 

6.  The  two  sides  of  a  paper  disk  are  illuminated  equally  by  a  candle 
flame  OO*^""  distant  on  one  side  and  a  gas  flame  200='"  distant  on  the  other 
side ;  comjmre  the  intensities  of  the  two  hghts  at  equal  distances  from 
their  sources. 


LII.     VISUAL   ANGLE,  ETC. 

§  285.  Visual  angle.  —  Experiment.  I'rick  a  pin-hole  in  a 
card,  pL'K-e  an  eye  near  the  hole,  and  look  at  a  pin  about  20«'"  distant. 
Then  bring  the  pin  slowly  toward  the  eye.     What  do  you  observe? 

Why  is  this  ?  We  see  an  object  by  means  of  its  image  formed 
on  the  retina  of  the  eye,  and  its  apparent  magnitude  is  deter- 
uiiued  by  the  extent  of  the  retina  covered  by  its  image.     Rays 
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proceeding  from  opposite  extremities  of  an  object,  as  AB,  Fig- 
ure 241,  meet  and  cross  one  another  in  the  window  of  the  eye, 
usually  called  tlie  pupil.  Now,  as  the  distance  between  the 
points  of  the  blades  of  a  pair  of  scissors  depends  upon  the 
angle  that  the  handles  form  with  one  another,  so  the  size  of  the 
image  formed  on  the  retina  depends  upon  the  size  of  the  angle, 
called  the  visual  angle,  formed  by  these  rays  as  they  enter  the 
eye.  But  the  size  of  the  visual  angle  diminishes  as  the  distance 
of  the  object  from  the  eye  increases,  as  shown  in  the  diagram ; 
e.g.,  at  twice  the  distance  the  angle  is  one-half  as  great,  at 
three  times  the  distance  the  angle  is  one-third  as  great,  and  so 
on.  Hence,  the  apparent  size  of  an  object  diminishes  as  its  dis- 
tance from  the  eye  increases. 


QUESTIONS. 

1.  Why  do  the  rails  of  a  railroad  traclc  appear  to  converge  as  their 
distance  from  the  observer  increases? 

2.  Why,  in  looking  through  a  long  hall  or  tunnel,  do  the  floor  and 
the  ceiling  appear  to  approach  one  another? 

3.  Why  do  parallel  lines,  retreating  from  the  eye,  appearto  converge? 

4.  Why  can  a  book,  held  iu  front  of  the  face,  entirely  conceal  from 
view  a  house? 


§  286.  Methods  of  estimating  size.  —  Let  a  man  stand  beside 
a  boy  of  lialf  his  hiirht,  and  to  an  observer,  twenty  feet  distant,  the  for- 
mer will  subtend  a  visual  angle  twice  as  great  as  the  latter,  and  will 
appear  twice  as  tall.  Then,  let  the  man  move  back  twenty  feet  farther 
.from  the  observer,  and  he  and  the  boy  will  then  subtend  equal  augles, 
but  they  will  not  appear  to  be  of  equal  hight,  nor  will  the  man's  hight 
appear  diminished  in  a  ■^ery  perceptible  degree.  The  sun  and  the  moon 
are  about  4,000  miles  nearer  to  us  when  they  are  in  the  zenith  than  when 
near  the  horizon,  but  in  the  latter  case  they  appear  much  larger. 
It  makes  a  great  difference  in  the  variation  of  the  apparent  size  of  a 
pin,  as  it  moved  to  and  from  the  eye,  whether  it  is  seen  through  a 
pin-hole  iu  a  card  or  whether  the  card  is  removed;  and,  again,  whether 
it  is  seen  Avith  one  eye  or  both  eyes.  The  fact  is,  that  in  estimating 
the  si2;e  of  objects,  our  judgment  is  injlueuced  by  many  other  things 
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besides  the  visual  angles  which  they  subtend.  Our  knowledge  of  the 
real  size  of  an  object,  also  of  the  fact  that  the  tendency  of  an  increase 
in  distance  is  to  diminish  the  apparent  size  of  a  body,  and  that  an  ob- 
ject does  not  become  shorter  as  it  moves  away  from  us,  does  much 
toward  correcting  an  estimate  based  on  the  size  of  the  visual  angle. 
Our  estimate  of  the  size  of  objects  whose  size  is  unknown  is  influ- 
enced much  by  comparison  with  objects  in  their  vicinity  whose  size 
is  known,  as  in  the  case  of  the  sun  and  the  moon  when  they  are  in 
range  witli  other  objects  in  the  horizon,  and  in  the  case  of  the  pin, 
whether  it  is  seen  alone  through  a  hole  or  in  conjunction  with  other 
objects.  Again,  when  we  look  at  an  object  with  both  ej^es  we  are 
oI)Iiged  to  turn  the  eyes  inward  or  outward,  according  as  an  object 
approaches  or  recedes,  in  order  that  light  from  the  object  may  continue 
to  enter  the  eye.  The  efl'ort  necessary  to  adapt  the  position  of  the  eyes, 
so  as  to  see  objects  at  different  distances,  helps  in  forming  a  correct 
estimate  of  their  size.  Hence,  the  pin  seen  by  both  eyes  does  not 
appear  to  undergo  so  great  a  change  in  size,  as  it  moves  to  and  from 
the  observer,  as  when  seen  by  one  eye.  We  are  not  at  the  time  con- 
scious of  going  through  the  processes  of  reasoning  indicated  above, 
because  it  has  become  a  matter  of  habit  with  us.  Again,  we  more 
readily  make  these  allowances  when  viewing  objects  in  a  horizontal 
direction  than  in  a  vertical  direction,  because  of  greater  practice.  A 
man  seen  at  a  considerable  hight  looks  small,  not  so  when  seen  at  an 
iMjual  distance  in  a  horizontal  direction.  The  plienomenon  of  the  large 
moon  near  the  horizon  may,  perhaps,  be  explained  in  this  way.  If  a 
man  l)orn  blind  suddenly  acquires  the  power  of  seeing,  he  at  first  makes 
ludicrous  mistakes  in  judging  of  size  and  distance  of  objects,  because 
liflias  not  acquired  these  methods  of  reasoning.  .\u  infant  will  reach 
out  its  hands  to  seize  a  bird  that  may  be  flying  many  yards  above. 

§287,  Velocity  of  Light.  —  We  must  believe  that  light- 
waves require  time  to  traverse  space,  although  their  speed  is 
so  great  that  no  ordinary  means  can  measure  the  time,  it  is 
so  short.  But  the  distances  of  the  heavenly  bodies  are  so  great 
that  tlu!  time  tiuit  their  liglit  requires  to  reach  us  may  be  easily 
measured. 

To  illustrate  out-  method,  let  J,  in  Figure  242,  represent  a  clock 
striking  a  single  stroke  every  hour,  and  the  circle  EE'  a  road  around 
which  a  person  W  travels;  tlie  length  of  the  straight  line  EE'  {s  four 
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tniles.     So  long  as  W  remains  at  E,  the  strokes  come  exactly  once  an 

hour  by  his  watch;  but  as  he  moves  away,  the  intervals  become  slightly 

longer,  so  that,  however  long  he  is  on  the  road,  if  the  watcli  and  clock 

run  accuratelj^  when  he  has  reached  E'  the  sound  of  the  bell  reaches 

him  about  twenty  seconds  after  the  hour.    As  he  continues  back  to  E, 

the  sounds  come  more  and  more  nearly  on  time,  so  that  at  E  they  are 

just  at  the  proper  time.      Similarly,  at  regular  intervals  in  the  heavens 

_,.    „.„  an  eclipse  of  ouo 

Fig.  242.  ^ 

ol  Jupiter's  moons 
takes  place ;  the 
average  interval 
being  known,  add 
it  to  the  time  at 
which  an  eclipse 
is  observed  when 
the  earth  is  near 
E,  and  thus  we  may 
predict  the  times 
of  an  eclipse  for 
years  ahead.  All 
the  eclipseSj  ex- 
cept when  the 
earth  is  at  E,  are 
observed  to  be  a 
little  behind  the 
predicted  times ;  at 
E'  as  much  as  10} 

minutes.      But  at  E'  tlie  light  has  had  to   travel  184,000,000  miles 

farther  to  reach  the  eye  than  at  E. 

Hence,  light  must  travel  at  the  rate  of  184,000,000 -=-(16^  X  60) 
=  about  186,000  miles  (about  300,000'^'")  in  a  second. 

Sound  creeps  along  at  the  comparatively  slow  pace  of  about 
one-fifth  of  a  mile  (or  -J''"')  per  second.  The  former  is  the  ve- 
locity' witla  whicli  waves  in  ether  are  transmitted  ;  the  latter,  the 
velocit}'  with  which  waves  in  air  move  forward.  This  great 
difference  can  be  accounted  for  only  on  the  supposition  that  the 
rarity  and  elasticity  of  ether  are  enormously  greater  than  that  of 
air. 
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LIII.     REFLECTION   OF    LIGHT. 

§  288.  Law  of  reflection.  —  Arrange  apparatus  as  follows : 
AB,  Figure  243,  is  a  board  I2<:">  square,  having  a  mirror  8'="' square 
fastened  to  one  of  its  sides.  E  is  a  rod  24'^'"  long  inserted  in  the  board 
close  to  the  initldle  of  one  of  the  edges  of  the  mirror,  and  perpendicu- 
lar to  the  surface  of  the  board.  D  F  is  an  arc  of  pasteboard  supported 
l)y  the  rod.  The  outer  edge  of  the  arc  is  described  by  a  radius  equal 
to  the  length  of  the  rod,  and  is  divided  into  degrees.  Cover  the  open- 
ing orifice  of  the  tube  C  of  the^orte  lumiere  '  with  a  circular  tin  pierced 
in  its  center  by  a  circular  hole  m,  7"""  in  diameter,  and  admit  a  slender 
beam  of  sunlight  mc. 

Experiment.  Place  the  mirror  so  that  the  beam  of  light  may  strike 
it  obliijuc'ly,  and  just  graze  the  arc  so  as  to  illuminate  it  at  one  point. 
A  beam  of  light  as  it  approaches  an  object  is  termed  au  incident  beam. 
The  beam,  unable  to  pass  tlu-ough  the  opaque  silvered  surface  of  the 
mirror,  is  reflected  l)y  this  surface  obliquely,  but  on  the  opposite  side 
of  the  perpendicular  oc.  A  beam  of  light  after  reflection  is  termed  a 
reflected  beam.     The  spot  of  light  243 

on  the  arc  produced  l;y  the  re- 
flected beam  will  be  found  to  be 
the  same  number  of  degrees  dis- 
tant from  the  perpendicular  as  the 
spot  produced  by  the  incident 
beam.  Hence,  the  angle  «co,  called 
the  angle  of  reflection,  is  equal  to 
the  angle  mco,  called  the  angle  of 
ineidPHCP.  Incline  the  mirror  so 
tliut  the  incident  beam  may  strike 
tlio  mirror  more  or  less  obliquely, 
and  the  reflected  beam  will  leave 
it  always  at  an  equal  angle.  Ken- 
der  the  path  of  tlie  incident  and 
reflected  beam  luminous  by  introducing  a  cloud  of  smoke  from  touch 

'  Some  incitns  of  introducing  n  bc.imof  sunlight  into  a  darkened  room  is  indispensable 
in  expcriniontliu,'  wllli-lltjht.  The  experiments  on  t'lis  subject  will  be  Riven  on  the  suppo- 
sition fbiil  the  i)upil  is  provided  with  mo.ins  of  accomiilisbina;  this.  Directions  for  con- 
Ntnictinu'  app.initus  suited  to  {\\U  purpose,  usually  called  a  parte  himii-re,  may  be  found 
In  Mayer  and  liarnanrs  little  htmk  on  "  I.iubt,"  published  by  D.  Apjileton  &  Co.,  New 
York,  and  in  Dolbear's  "  An  of  Projection,"  iiublished  hy  Lee  &  Shepherd,  Boston.  A 
deMcriptiou  of  an  lue-xpensivo  apparatus  devised  by  the  author  may  be  found  in  Section  H 
of  the  Appendix. 
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paper,  and  the  angles  formed  with  the  perpendicular  will  be  quite 
apparent.  Light,  as  well  as  sound,  conforms  to  the  general  law  of  reflec- 
tion.    (See  §87.) 

§  289.  Diffused  light.  —  Experiment  1.  Introduce  a  small  beam 
of  light  into  a  darkened  room,  by  means  of  a  j^orte  lumierc,  and  place 
in  its  path  a  mirror.  The  light  is  reflected  in  a  definite  direction.  If 
the  eye  is  placed  so  as  to  receive  the  reflected  light,  it  will  see,  not  the 
mirror,  but  the  image  of  the  sun,  and  the  light  will  be  painfully  intense. 
Substitute  for  the  mirror  a  piece  of  uuglazed  paper.  The  light  is 
not  reflected  by  the  paper  in  any  definite  direction,  but  is  scattered  in 
every  direction,  illuminating  objects  in  the  vicinity  and  rendering  them 
visible.  Looking  at  the  paper,  you  see,  not  an  image  of  the  sun,  but 
the  paper,  and  you  may  see  it  equally  well  in  all  directions. 


Fig.  244. 


The  dull  surf  kce  of  the  paper  receives  light  in  a  defiuite  direc- 
tion, but  reflects  it  in  every  direction  ;  in  other  words,  it  scatters 
or  diffuses  the  light.  The  difference  iu  the  phenomena  in  the 
two  cases  is  caused  by  the  difference  in  the  smoothness  of  the 
two  reflecting  surfaces.  AB,  Figure  244,  represents  a  smooth 
sm-face,  like  that  of  glass,  which  reflects  nearl}-  all  the  rays  of 
light  in  the  same  direction,  because  nearly  all  the  points  of 
reflection  are  in  the  same  plane.  CD  represents  a  surface  of 
paper  having  the  rouglmess  of  its  surface  greatly  exaggerated. 
The  various  points  of  reflection  are  turned  in  every  possible  direc^' 
tion  ;  consequently,  light  is  reflected  in  everj'  direction.  Thus, 
the  dull  surfaces  of  various  objects  around  us  reflect  liglit  in  all 
directions,  and  are  consequently  visible  from  every  side.  Objects 
rendered  visible  by  reflected  light  are  said  to  be  illuminated. 

By  means  of  regularly  reflected  light  we  see  images  of  objects  in 
mirrors,  but  only  in  definite  directions ;  by  means  of  diffused  light  we 
see  the  mirror  itself  in  every  direction.  Whether  we  see  the  image  of 
the  source  of  the  light  (the  eye  being  situated  so  as  to  receive  the 
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regiilarlj'  reflected  light),  or  the  object  on  which  the  lii?ht  falls,  or  both 
at  the  same  time,  depends  largely  upon  the  degree  of  smoothness  pos- 
sessed by  the  object  that  reflects  the  light.  Smooth  surfaces  are 
called  mirrors.  Polished  metals  are  the  best  m-irrors.  Surfaces  of 
liquids  at  rest  are  excellent  mirrors.  It  is  sometimes  difficult  to  see  a 
smooth  surface  of  a  pond  surrounded  by  trees  and  overhung  by  clouds, 
as  the  eye  is  occupied  by  the  reflected  images  of  these  objects:  but  a 
faint  breath  of  wind,  slightly  rippling  the  surface,  will  reveal  the  water. 
Experiment  2.  Place  a  basin  of  water  on  a  table,  and  hold  a  candle 
flame  so  that  its  rays  may  form  a  large  angle  with  the  liquid  surface, 
and  notice  the  brightness  of  its  image.  Lower  the  candle  and  the  eye 
so  that  the  incident  and  reflected  rays,  as  nearly  as  possible,  graze  the 
surface  of  the  liquid,  and  notice  how  much  brighter  the  imago  be- 
comes. Notice  how  much  brighter  the  varnished  surfaces  of  furni- 
ture appear  when  viewed  very  obliquely,  than  when  seen  by  light 
reflected  less  obliquely.  Also  notice  how  much  more  dazzling  is  the 
light  reflected  from  the  surface  of  a  pond  just  before  the  sun  sets, 
than  at  noon  when  the  sun  is  overhead.  This  is  due  in  part  to  our 
being  at  a  suitable  position  to  observe  it. 

The  amount  of  light  reflected  from  a  smooth  surface  increases 
rapidhj  as  the  angle  of  incidence  increases.  Thus,  at  a  perpen- 
dicular incidence,  out  of  1,000  parts  of  light  that  strike  a  sur- 
face of  water,  only  18  parts  are  reflected  ;  at  40°,  22  parts  are 
reflected  ;  at  80°,  333  parts  ;  and  at  89^°,  721  parts.  The  above 
is  not  even  approximately  true  of  metals  or  substances  having 
metallic  reflection,  such  as  galena,  etc. 

S  290.  Reflection  from  plane  mirrors;  virtual  images.— 
MM  (Fig.  24."))  represents  a  plane  mirror,  and  AB  a  pencil  of  diver- 
gent rays  proceeding  from  the  point  A  of  an  object  AH.  Erecting 
perpendiculars  at  the  points  of  incidence,  or  the  points  where  these 
rays  strike  the  mirror,  and  making  the  angles  of  reflection  equal  to 
the  angles  of  Incidence,  the  paths  BC  and  EC  of  the  reflected  rays 
are  found. 

It  appears  tliat  divergent  incident  rays  remain  divergent  after 
reflection  from  a  plane  mirror.  In  like  manner  construct  a 
dia<rram,  and  show  tiiat  panilJel  incident  rajis  are  parallel  after 
reflection.    Construct  anotlier  diagram,  and  show  that  convergent 
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incidpnt  rays  are  convergent  after  rejection.     To  an  ej'e  placed 
at  C,  the  points  from  which  the  rajs  appear  to  come  are  of  course 

in  the  direction  of  the  rays  as  they 
enter  the  eye.  These  points  may  be 
found  by  continuing  tlie  rays  CB  and 
CE  behind  the  mirror,  till  they  meet 
at  the  points  D  and  N.  Every  point 
of  the  object  AH  sends  out  its  pen- 
cils of  ravs,  and  those  that  strike 
the  mirror  at  a  suitable  angle  to  be 
reflected  to  the  eye,  produce  on  the 
retina  of  the  eye  an  image  of  that 
point,  and  tho  point  from  which  the 
light  appears  to  emanate  is  found,  as 
previously  described.  Thus,  the  pencils  EC  and  BC  appear  to 
emanate  from  the  points  N  and  D,  and  the  whole  body  of  light 
received  by  the  eye  seems  to  come  from  an  apparent  object  ND, 
behind  the  mirror.  This  apparent  object  is  called  an  image, 
but  as  of  course  there  can  be  no  real  image  formed  there,  it  is 
called  a  virtual  or  an  imaginary  image.  It  will  be  seen,  by 
construction,  that  an  image  in  a  plane  mirror  apjyears'as  far 
behind  the  mirror  as  the  object  is  in  front  of  it,  and  is  of  the 
same  size  and  shape  as  the  object. 
called    a  virtual  or 

an    imaginary    image.  Fig.  248. 

It  will  be  seen,  by 
construction,  that  an 
image  in  a  plane 
mirror  ap2?ears  as  far 
behind  the  mirror  as 
the  object  is  in  front  of 
it,  and  is  of  the  same 
size  and  shape  as  the 
object. 


§  291.  Reflection  from  concave  mirrors.  —  Let  M  M', 
Fig.  248,  represent  a  section  of  a  concave  mirror,  which  may 
be  regarded  as  a  small  part  of  a  hollow  spherical  shell  having  a 
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ture  of  the  mirror.  C  is  the  center  of  the  sphere,  and  is  called 
the  center  of  curvature.  G  is  the  vertex  of  the  mirror.  A 
straight  line  DG,  drawn  through  the  center  of  curvature  and 
the  vertex  is  called  the  principal  axis  of  the  mirror.  A  concave 
mirror  may  be  considered  as  made  up  of  an  infinite  number  of 
small  plane  surfaces.  All  radii  of  the  mirror,  as  CA,  OG,  and 
CB,  are  perpendicular  to  the  small  planes  which  they  strike. 
If  C  be  a  luminous  [joiut^  it  is  evident  that  all  liffht  emanatino- 
from  this  point,  and  striking  the  muTor,  will  be  reflected  back  to 
Its  source  at  C. 

Let  E  be  any  luminous  point  in  front  of  a  concave  mirror.  To  find 
the  direction  that  rays  emanating  from  this  point  take  after  reflection, 
draw  any  two  lines  from  this  point,  as  EA  and  EB,  representing  two 
of  tlie  infinite  number  of  rays  composing  the  divergent  pencil  of  light 
that  strikes  the  mirror.  Next  draw  radii  to  the  points  of  incidence  A 
and  B,  and  draw  the  lines  AF  and  BF,  making  the  angles  of  reflection 
equal  to  the  angles  of  incidence.  Place  arrow-heads  on  the  lines  rep- 
resenting rays  of  light  to  indicate  the  direction  of  the  motion.  The 
lines  AF  and  BF  represent  the  direction  of  the  rays  after  reflection. 

It  will  be  seen  that  the  rays  after  reflection  are  convero-ent. 
and  meet  at  the  point  F,  called  the  focus.  This  point  is  the 
focus  of  all  reflected  rays  that  emanate  from  the  point  E.  It 
is  obvious  that  if  F  were  the  luminous  point,  the  lines  AE 
and  BE  would  represent  the  reflected  rays,  and  E  would  be 
the  focus  of  these  rays.  Since  the  relation  between  two  such 
points  is  sucli  that  light  emanating  from  either  one  is  brou<'-l.t 
by  reflection  to  a  focus  at  the  other,  they  are  called  conju- 
gate foci.  Conjugate  foci  are  ttvo  points  so  related  that  the 
image  of  one  is  foi-mecl  at  the  other.  The  rays  EA  and  EB 
enianatiug  from  E  are  less  divergent  than  rays  FA  and  FB, 
emanating  from  a  point  F  less  distant  from  the  mirror,  and 
striking  the  same  points.  Rays  emanating  from  D,  and  striking 
tlu^  same  points  A  and  B,  will  be  still  less  divergent ;  and  it  the 
point  1)  were  removed  to  a  distance  of  many  miles,  the  rays 
inciilcnt  at  these  points  woull  be  very  nearly  parallei.     Hence 
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rays  may  be  regarded  as  practically  parallel  when  their  source 
is  at  a  very  great  distance,  e.g.,  the  sun's  rays.  If  a  sunbeam, 
consisting  of  a  bundle  of  parallel  rays,  as  E  A,  D  G,  and  H  B 
(Fig.  249),  strike  a  concave  mirror  parallel  with  its  principal 
249  axis,  the}'  become  convergent  by  reflection, 

and  meet  at  a  point  (F)  in  the  principal  axis. 
This  point,  called  the  principal  focus.,  is  just 
half-way  between  the  center  of  cwvature  and 
the  vertex  of  the  mirror. 

On  the  other  hand,  it  is  obvious  that  diver- 
gent rays  emanating  from  the  j^rinci^jal  focus 
of  a  concave  mirror  become  parallel  by  reflection. 

If  a  small  piece  of  paper  is  placed  at  the  principal  focus  of  a 
concave  mirror,  and  the  mirror  is  exposed  to  the  parallel  rays 
of  the  sun,  the  paper  will  quickly  burn,  showing  that  the  focus 
of  light  is  also  a  focus  of  heat;,  or,  in  other  words,  that  all  forms 
of  radiant  energy  follow  the  same  lavs  of  reflection  as  light. 

Construct  a  diagram,  and  show  that  rays  of  light  proceed- 
ing from  a  point  between  the  principal  focus  and  the  mirror 
are  divergent  after  reflection,  but  less  divergent  than  the  mci- 
dent  rays.  Reversing,  the  direction  of  the  light,  the  same  dia- 
gram will  show  that  convergent  rays  of  light  are  rendered  more 
convergent  by  reflection  from  concave  mirrors.  The  general 
efl'ect  of  a  concave  mirror  is  to  increase  the  convergence  or  to  de- 
crease the  divergence  of  incident  rays. 

The  statement,  that  parallel  rays  after  reflection  from  a  concave 
mirror  meet  at  the  principal  focus,  is  only  approximately  true.  The 
smaller  the  aperture  of  the  mirror,  the  more  nearly  true  is  the  state- 
ment. It  is  strictly  true  only  of  parabolic  mirrors,  such  as  are  used 
with  the  head-lights  of  locomotives.  Construct  a  diagram  representing 
a  mirror  of  large  aperture,  and  it  will  be  found  that  those  rays  that 
strike  the  mirror  at  considerable  distance  from  its  center,  iiitersect  the. 
principal  axis  after  reflection  at  points  nearer  to  the  mirror  than  the 
principal  focus. 

§  292.  Formationof  images. —  Experiment  1.  In  a  dark  room 
bold  the  concave  side  of  a  bright  silver  dessert  spoon  a  little  distance 
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ill  front  of  the  face,  and  introduce   a  candle-flame  between  the  spoon 
and  your  eyes.     What  do  you  see?    Why?     See  §  278. 

Experiment  2.     Turn  the  convex  side  of  the  spoon  toward  you. 
What  do  y<JU  sec?     Explain. 

Experiment  3.  Repeat  the  two  preceding  experiments,  holding  the 
spoon  between  the  flame  and  the  eyes,  but  not  so  as  to  screen  the  face 
from  the  light,  and  you  will  see  similar  images  of  yourself. 

To  determine  the  position  and  kind  of  images  formed  of  objects 
placed  in  front  of  concave  mirrors,  proceed  as  follows:  Locate  the 
object,  as  D  E,  Figure  250.  Draw  lines,  E A  and  DB,  from  the  extrem- 
ities of  the  object  through  the  center  Fig.  250. 
of  curvature  of  the  mirror,  to  meet  the 
mirror.  These  lines  are  called  the  sec- 
ondary axes.  Incident  rays  along  these 
lines  will  return  by  the  same  paths 
after  reflection.  (Why?)  Draw  another 
line  from  D  to  any  point  in  the  mirror, 
e.fj.,  to  F,  to  represent  any  other  of  the 
infinite  number  of  rays  emanating  from 
D.  Make  the  angle  of  reflection  CFD'  equal  to  the  angle  of  in- 
cidence CFD,  and  the  reflected  ray  will  intersect  the  secondary  axis 
D  B  at  the  point  D'.  This  point  is  the  conjugate  focus  of  all  r;i\s 
proceeding  from  D.  Consequently,  an  image  of  the  point  D  is  formed 
at  D'.  This  image  is  called 
a  real  image,  because  rays 
actually  meet  at  this  point. 
In  a  similar  manner,  ftnd  the 
pointE'.the  conjugate  focus 
of  the  point  E.  The  im:iges 
of  intermediate  points  be- 
tween D  and  E  lie  between 
the  points  D'  and  E';  and, 
consequently,  the  image  of 
the  object  liesbetweenthose 
points  as  extremities. 

If,  for  the  second  ray  to  be  drawn  from  any  point,  we  select 
that  ray  which  is  parallel  with  the  principal  axis,  as  AG,  Figure  251,  it 
will  not  be  necessary  to  measure  angles.  For  this  ray,  after  reflec- 
tion, must  pass  through  the  principal  focus  F ;  and  consequently  the 
pou^ugate  focus  A'  is  easily  found,  and  so  for  the  point  ii'  and  inter- 
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Fig.  252. 


mediate  points.     Both  methods  of  constructing  images  should  be  prac 
tised  by  the  pupil. 

It  thus  appears  that  ari  image  of  an  object  placed  beyond  t7i& 
center  of  curvature  of  a  concave  mirror  is  real,  inverted,  smaller 
than  the  object,  and  located  bettceen  the  center  of  curvature  and  the 
princijml  focus  of  the  mirror.  An  eye  placed  in  a  suitable  posi- 
tion to  receive  the  light,  as  at 
H  (Fig.  252) ,  will  receive  the 
same  impression  from  the  re-i 
fleeted  rays  as  if  the  image 
E'  D'  were  a  real  object.  For 
a  cone  of  rays  originally  eman- 
ates from  (say)  the  point  D  of 
the  object,  but  it  enters  the  eye 
as  if  emanating  from  D',  and  consequently  appears  to  originate 
from  the  latter  point.  (§  278.)  A  person  standing  in  front  of  such 
a  mirror,  at  a  distance  greater  tlian  its  radius  of  curvature,  will 
see  an  image  of  himself  suspended,  as  it  were,  in  mid-air.  Or, 
if  in  a  darkened  room  an  illuminated  object  is  placed  in  front  of 
the  mirror,  and  a  small  oiled-paper  screen  is  placed  where  the 
image  is  formed,  a  large  audience  maj'  see  the  image  projected 
upon  the  screen. 

If  E'  D'  (Fig,  250)  is  taken  as  the  object,  then  the  direction 

of  the  light  in  the  diagram 
will  be  reversed,  and  P2U 
will  represent  the  image. 
Hence,  the  image  of  an  ob- 
ject jilaced  between  the  prin- 
cipal focus  and  the  center  of 
curvature  is  also  real  anl 
inverted,  but  larger  than  the 
object,  and  located  beyond 
the  center  of  curvature.  The  image  in  this  case  may  be  pro- 
jected upon  a  screen,  but  it  will  not  be  so  bright  as  in  the 
former  case,  because  the  light  is  spread  over  a  larger  surface. 


Fig.  253. 
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Construct  tho  image  of  an  object  placed  between  the  principal 
focus  and  the  mirror,  as  in  Figure  253.  It  will  be  seen  in  this 
case  that  a  pencil  of  ra3"S  proceeding  from  pjg  254. 

any  point  of  an  object,  e.g.,  D,  has  no 
actual  focus,  but  appears  to  proceed  from 
a  virtual  focus  D',  back  of  the  mirror,  and 
so  with  other  points,  as  E.  The  image  of 
an  object  2^1  aced  between  the  2i7'incij)al  focus 
and  the  mirror  is  virtual,  erect,  larger  than 
the  object,  and  is  back  of  the  mirror. 


QUESTIONS. 

Ascertain  the  answers  to  the  following  questions  by  constructing 
suitable  diagrams,  and  afterwards  verifj-  your  conclusions  by  experi- 
ment, if  convenient. 

1.  Wlieii  an  object  is  located  at  a  distance  from  a  concave  mirror 
equal  to  its  radius,  will  any  image  be  formed?     Why? 

2.  "What  is  the  effect  of  placing  the  object  at  the  principal  focus? 
Why? 

3.  (a)  When  is  tlic  real  iniago  formed  by  a  concave  mirror  smaller 
than  the  object?     (&)  When  is  it  larger? 

4.  (a)  When  is  the  image  formed  by  a  concave  mirror  real?  (&) 
When  is  it  virtual? 

5.  (a)  Is  the  image  of  an  object  formed  by  a  convex  mirror  real  or 
virtual?  (_h)  Is  it  larger  or  smaller  lliau  the  object?  (c)  Is  it  erect  or 
inverted? 

NoTK.  —  Tho  dlairram  in  Pigiire  2rA  will  1)(>  found  sufTicicntly  sug- 
gestive as  to  tiie  method  of  tiuding  tlie  disposition  of  a  pencil  of  rays 
cinanating  from  any  point,  e..'/.,  A,  after  reflection  from  a  convex 
niirr(jr. 

6.  Is  tlic  general  ellect  of  a  convex  mirror  to  collect  or  to  scatter 
rays? 
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Fig.  255. 


LIV.     REFRACTION. 

Experiment  1.  Across  the  bottom  of  a  rectangular  tin  basin  ABC 
1),  Figure  255,  mark  a  scale  of  millimeters.  Into  a  darkened  loom 
admit  a  beam  of  sunlight,  so  that  its  rays  may  fall  obliquely  on  the 
bottom  of  the  basin,  and  note  the  place  on  the  scale  where  the  edge  of 

the  shadow  D  E  cast  by  the  side  of 
the  basin  D  C  meets  the  bottom  at  E. 
Then,  without;  moviug  the  basin,  fill 
it  even  full  with  water  slightly 
clouded  with  milk,  or  with  a  few 
drops  of  a  solution  of  mastic  in  alco- 
hol. It  will  be  found  that  the  edge 
of  the  shadow  has  moved  from  D  E 
to  D  F,  and  meets  the  bottom  at  F. 
Beat  a  blackboard  rubber,  and  create 
a  cloud  of  dust  in  the  path  of  the 
beam  in  the  air.  and  you  will  discover 
that  the  rays  G  D  that  graze  the  edge  of  the  disk  at  D  become  bent 
at  the  point  where  they  enter  the  water,  and  now  move  in  the  bent 
line  GD  F,  instead  of,  as  formerly,  in  the  straight  line  GE.  The  path 
of  tlie  light  in  the  water  is  now  nearer  to  the  vertical  side  D  C ; 
in  other  words,  this  part  of  the  beam  is  more  nearly  vertical  than  before. 
Experiment  2.  Place  a  coin  (A,  Fig.  25G)  on  the  bottom  of  an 
empty  basin,  so  that,  as  you  look  through  a  small  hole  in  a  card  B  C 
over  the  edge  of  the  vessel,  the  coin  is  just  out  of  sight.  Then,  with- 
out moving  the  card  or  basin,  fill  the  latter  with  water.  Now,'  on 
looking  through  the  aperture  in  the  card,  the  coin  is  visible.  The 
beam  of  light  AE,  which  formerly  moved  in  the  straight  line  AD,  is 
now  bent  at  E,  where  it  leaves   the  water,  and,  passing  through  the 

aperture  iu  the  card,  enters  the  eye.  Observe 
that,  as  the  light  passes  from  the  water  into 
the  air,  it  is  turned  farther  from  a  vertical  line 
EF;  iu  otlier  words,  the  beam  is  farther  from 
the  vertieal  than  before. 

Experiment  3.  From  the  same  jjosition  as 
in  the  last  experiment,  direct  the  eye  to  the 
point  G  in  the  basin  filled  with  water.  Reach 
your  hand  around  the  basin,  and  place  your 
finger  where  that  point  appears  to  be.  On  ex- 
amination, it  will  be  found  that  your  finger  is  considerably  above  the 


Fig.  256. 
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bottom.  Hence,  the  effect  of  the  bending  of  rays  of  light,  as  they  pass 
obliquely  ont  of  tcater,  is  to  cause  the  bottom  to  appear  more  elevated  than  it 
really  is  ■  in  other  words,  to  cause  the  water  to  appear  shallower  than  it  is. 

Experiment  4.  Thrust  a  pencil  obliquely  into  water. 
Wliat  appearance  does  it  i)reseut? 

Experiment  5.  Place  a  piece  of  wire  (Fig.  257)  verti- 
cally ill  front  of  the  eye,  ami  hold  a  narrow  strip  of  thick 
plate-glass  horizontally  across  the  wire,  so  tliat  the  light 
from  the  wire  may  pass  obliquely  tlirougli  the  glass  to  the 
eye.     What  do  you  observe?    Why? 

NoTK.  —  The  pupil  must  keep  in  mind  (§278)  that  the  sensation 
produced  depends  entirely  upon  the  light  which  enters  the  eyo.  Hence, 
anything  causing  the  liglit  to  enter  the  eye  in  a  dillerent  direction, 
along  a  different  line,  or  differently  in  any  other  respect,  cliangcs  the 
sensation. 

When  a  beam  of  light  passes  from  one  medium  into  another  of 
diflfereut  densit}',  it  is  bent  or  refracted  at  the  boundary  phme 
between  the  two  media,  unless  it  falls  exactly  porpendicuhirly 
on  this  plane.  If  it  passes  into  a  denser  medium.,  it  is  refracted 
toward  a  jyeiyendicidar  to  tJiis  plane;  if  into  a  rarer  medium,  it 
is  refracted  from    the    perpen-  p.^  ^ss 

dicnlar.  The  angle  GDO  (Fig. 
255)  is  called  the  anrjle  of  inci- 
(7e??cc',.FDN,  the  angle  of  re- 
fraction; and  EDF,  the  angle 
of  deviation. 


§  293.  Cause  of  refraction. 
—  Careful  experiments  have 
proved  that  the  velocity  of  light 
is  less  in  a  dense  than  in  a  rare 
medium.  Let  the  series  of  par- 
allel lines  AB  (Fig.  258)  repre- 
sent a  series  of  wave-fronts  leaving  an  object  C,  and  passing 
tiirongh  a  rectangular  piece  of  glass  DE,  and  constituting  a 
!»oain  of  liglit.  Every  point  in  a  wave-front  moves  with  equal 
velocity  as  long  as  it  traverses  the  same  medium ;  but  the  point 
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a  of  a  given  wave  ah  enters  the  glass  first,  and  its  velocity  is 
impeded,  while  the  point  h  retains  its  original  velocity ;  so 
that,  while  the  point  a  moves  to  a',  6  moves  to  6',  and  the 
result  is  that  the  wave-front  assumes  a  new  direction  (very 
much  in  the  same  manner  as  a  line  of  soldiers  execute  a  wheel) , 
and  a  ray  or  a  line  drawn  perpendicularly  through  the  series  of 
waves  is  turned  out  of  its  original  direction  on  entering  the  glass. 
Again,  the  extremity  c  of  a  given  wave-front  cd  first  emerges 
from  the  glass,  when  its  velocity  is  unmediately  quickened ;  so 
that,  while  d  advances  to  d\  c  advances  to  c',  and  the  direction 
of  the  ray  is  again  changed.  The  direction  of  the  ray,  after 
emerging  from  the  glass,  is  parallel  to  its  direction  before  enter- 
ing it,  but  it  has  suffered  a  lateral  displacement.  Let  C  repre- 
sent a  section  of  the  wire  used  in  Exp.  5,  and  the  cause  of 
the  phenomenon  observed  will  be  apparent.  If  the  beam  of 
light  strikes  the  glass  perpendicularly,  all  points  of  the  wave 
will  be  checked  at  the  same  instant  on  entering  the  glass  ;  con- 
sequently it  will  suffer  no  refraction. 


§  294.   Index  of  refraction.  —  The  deviation  of  light,  in 
Fig.  259.  passing  from  one  medium  to 

another,  varies  with  the  me- 
dium and  with  the  angle  of 
incidence.  It  diminishes  as 
the  angle  of  incidence  dimin- 
ishes, and  is  zero  when  the 
incident  ray  is  normal  (i.e., 
perpendicular  to  the  surface 
of  the  medium) .  It  is  highly 
important,  knowing  the  angle 
of  incidence,  to  be  able  to 
determine  the  direction 
which  a  ray  of  light  will  take 
on  entering  a  new  medium.  Describe  a  circle  around  the  point 
of  incidence  A  (I^'ig-  259)  as  a  center,  with  Si  radium  of  (sa^) 
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10"";  through  the  same  point  draw  IH  perpendicular  to  the 
surfaces  of  the  two  media,  and  to  this  line  drop  perpendiculars 
BD  and  CE  from  the  points  where  the  circle  cuts  the  ray  in  the 
two  media.  Then  suppose  that  the  perpendicular  B  D  is  -^\  of 
the  radius  A  B  ;  now  this  fraction  ^\  is  called  (in  Trigonom- 
etry) the  sine  of  tlie  angle  DAB.  Hence,  -^^^  is  the  sine  of 
the  angle  of  incidence.  Agaiu,  if  we  su[)po8e  that  tlic  perpen- 
dicular C  E  is  1%  of  the  radius,  then  the  fraction  -^^  is  the 
sine  of  the  angle  of  refraction.  The  sines  of  the  two  angles 
are  to  one  another  as  j% :  j'\j,  or  as  4  :  3.  The  quotient  (in  this 
case  I)  obtained  by  dividing  the  sine  of  the  angle  of  incidence 
by  the  sine  of  the  angle  of  refraction  is  called  the  index  of  refrac- 
tion. It  can  be  proved  to  be  the  ratio  of  the  velocity  of  the 
incident  to  that  of  the  refracted  light.  It  is  found  that,  for  the 
same  media  the  index  of  refraction  is  a  constant  quaiditi) ;  i.e., 
the  incident  ray  might  be  more  or  less  oblique,  still  this  quo- 
tient would  be  the  same. 

§  295.  Indices  of  refraction.  —  The  index  of  refraction  for 
light  in  passing  from  air  into  water  is  approximately  *,  and 
from  air  into  glass  | ;  and,  of  course,  if  the  order  is  reversed,  the 
reciprocal  of  these  fractions  must  be  taken  as  the  indices  ;  e.g., 
from  water  into  air  the  index  is  |,  from  glass  into  air  |.  "When 
a  ray  passes  from  a  vacuum  into  a  medium,  the  refractive  index 
is  greater  than  unity,  and  is  called  the  absolute  index  of  refrac- 
tion. The  relative  index  of  refraction,  from  any  medium  A  into 
another  B,  is  found  by  dividing  the  absolute  index  of  B  by  the 
absolute  index  of  A. 

The  refractive  index  varies  with  the  color  of  the  light.  (See 
page  307.)  The  following  table  is  intended  to  represent  mean 
iyidices :  — 

TABLE   OF   ABSOLUTE  INDICES. 


Air  M  0*  C.  and  760"°'  pressure  .  l.OOOO'.U 

Purp  water 1.33 

Al'ohol 1.37 

BplrltH  >'f  turpentine 1.48 

Pumor*  uf  the  eye  (about)      .     ,  1.35 


Carbon  bisulphide 1.641 

Crown  glass  (about) 1.53 

Flint  glass  (about) 1.61 

Diamond  (about) 2.5 

Lead  chromate ,  ^.97 
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EXERCISES. 

1.  DraAT  a  straight  line  to  represent  a  surface  of  flint  glass,  and 
draw  anotlier  line  meeting  this  obliquely  to  represent  a  ray  of  light 
passing  from  a  vacuum  into  this  medium.  Find  the  direction  of  the 
ray  after  it  enters  the  medium,  employing  the  index  as  given  in  the 
above  table. 

2.  («)  Determine  the  index  of  refraction  for  light  in  passing  from 
water  into  diamond,     (b)  lu  passing  from  water  into  air. 

3.  Ascertain  the  index  of  refraction  for  water  in  Exp.  1,  p.  350,  in 

"IT  C* 

which  sine  I  (sine  of  angle  of  incidence)  =  — —    (Fig.  255),  and  sine 

FC  ' 

H  (sine  of  angle  of  refraction)  —  —-.     Hence,  the  index  of  refraction 

^  sine  I  ^  E  C      F  C 

sine  K     El)     Fl)' 
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LV.     PRISMS   AND   LENSES. 

§  296.  Optical  prisms.— An  optical  prism  is  usually  a 
ti-ansparent  wedge-shaped  body.  Figure  2G2  represents  a 
transverse    section    of   such    a  Fig.  2*52. 

prism.  Let  AB  be  a  ray  of 
light  incident  upon  one  of  its 
surfaces.  On  entering  the 
prism  it  is  refracted  toward  the 
normal,  and  takes  the  direction 
IJC.  On  emerging  from  the 
prism,  it  is  again  refracted,  but 
mm  from  the  normal  in  the  direction  CD.  The  object  that 
emits  the  ray  will  appear  to  be  at  F.  Observe  that  the  ray  AB, 
at  both  refractions,  is  bent  toward  the  thicker  part,  or  base,  of 
the  prism. 

§  297.  Lenses.  —  Any  transparent  medium  bounded  by  two 
curved  surfaces,  or  one  plane  and  the  other  curved,  is  a  lens. 

Experiment  1.  Procure  a  couple  of  lenses  thicker  in  the  middle 
than  at  the  edge;  strong  spectacle  glasses,  or  the  large  lenses  iu  an 
opera  glass,  will  answer.  Hold  one  of  the  lenses  in  the  sun's  rays,  and 
notice  the  path  of  the  beam  in  dusty  air  (made  so  by  striking  together 
two  blackboard  rubbers)  after  it  passes  through  the  lens ;  also,  that  on 
a  paper  screen  all  the  rays  may  be  brought  to  a  small  circle,  or  even  a 
point,  not  far  from 
the  lens.  This  point 
Is  called  the  fitrus, 
and  its  distance  from 
the  lens,  the  focal 
length  of  the  lens. 

Find     the     focal 

length  of  this  lens,  and  of  the  second,  and  then  of  the  two  together. 
You  find  the  focal  length  of  the  two  combined  is  less  than  of  either 
alone,  and  leani  that  the  more  powerful  a  lens  or  combination  of 
them  is,  the  shorter  the  focal  length;  that  is,  the  more  quickly  are  the 
pirallel  raya  that  enter  different  paxts  of  the  lens  brought  to  cross  gne 
miotber. 


Fig.  263. 
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Experiment  2.  Procure  a  lens  thinner  in  the  middle  than  at  its 
edge.  One  of  the  small  lenses  or  eye-glasses  of  an  opera  glass  will 
answer.  Repeat  the  above  experiment  with  this  lens,  and  notice  that 
the  light  emerging  from  the  lens,  instead  of  coming  to  a  point,  becomes 
spread  out. 

Lenses  are  of  two  classes,  converging  and  diverging,  accord- 
ing as  they  collect  or  scatter  beams  of  light.  Each,  class  com- 
prises three  kinds  (Fig.  263)  :  — 


Class  I. 
1.  Double-convex    1  Converging  or  convex 
lenses,     thicker     in 
the  middle   than  at 
the  edges. 


Z.  Plano-convex 
3.  Concavo-convex 
(or  meniscus) 


Donble-concave 

Plano-coacavo 

Convexo-concave 


Class  n. 

Diverging,     or     con- 
cave lenses,  thinner 
in  the  middle  than 
,     at  the  edges. 


A  straight  line,  as  AB,  normal  to  both  surfaces  of  a  lens, 
and  passing  through  its  center  of  curvature,  is  called  its  princi- 
pal axis.  In  every  lens  there  is  a  point  in  the  principal  axis 
called  the  optical  center.  Every  ray  of  light  that  passes  through 
it  has  parallel  directions  at  incidence  and  emergence,  i.e.,  can 
suffer  at  most  only  a  slight  lateral  displacement.  In  lenses  1 
and  4  it  is  half-way  between  their  respective  curved  surfaces. 
A  ray,  drawn  through  the  optical  center  from  any  point  of  an 
object,  as  A  a  (Fig.  269),  is  called  the  secondary  axis  of  this 
point. 

§  298.    Effect  of  lenses.  — We  may,  for  convenience  of  illus- 

p.    2g4  tratiou,  regard  a  convex  lens  as  composed, 

approximately,  of  two  prisms  placed  base  to 

base,  as  A  (Fig.  264),  and  a  concave  Ions 

as  composed  of  two  prisms  with  their  edges 

in  contact,  as  B.     Inasmuch  as  a  beam  or 

pencil  of  light  ordinaril}-  strikes  a  lens  in 

such  a  manner  that  the  rays  will  be  bent 

toward  the  thicker  parts  or  bases  of  these 

approximate  prisms,  it  is  obvious  that  the  lens  A  would  tend 

to  bend  the   transmitted  rays  toward  one  another,  while   the 

lens  B  would  tend  to  separate  them.     The  general  effect  of  all 
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Fig.  265. 


convex  lenses  in  to  converge  transmitted  rays;   and  of  concave 
lenses,  to  cause  them  to  diverge.     Incident  ra3-s  parallel  with  the 
principal  axis  of  a  convex  lens  are  brought  to  a  focus  F  (Fig.  265) 
at  a  point  in  the  principal  axis.     This  point  is  called  the  prin- 
cipal focus,  i.e.,  it  is  the  focus  of  incident  rays  parallel  with  the 
principal  axis.     It   may 
he  found  by  holding  the 
lens  so  that  the  rays  of 
the  sun  may  fall  perpen- 
dicularly upon  it,  and  then 
moving  a  sheet  of  paper 
l)ack  and  forth  behind  it 
until    the   image   of  the 
sun  formed  on  the  paper  is  brightest  and  smallest.    Or  in  a  room 
it  may  be  found  approximately  by  holding  a  lens  at  a  considerable 
distance  from  a  window  (why  at  a  considerable  distance?),  and 
regulating  the  distance  of  the  paper  so  that  a  distinct  image  of 
the  window  will  be  projected  upon  it.     The  focal  length  is  tlie 
distance  of  the  optical  center  of  the  lens  to  the  center  of  the 
image  on  the  paper.     The  shorter  this  distance   the  greater  is 
Die  i>ower  of  the  lens. 

If  the  paper  is  kept  at  the  principal  focus  for  a  short 
time  it  will  take 
fire.  Hence,  this 
is  the  focus  of 
heat  as  well  as  of 
ligJit.  The  reason 
is  apparent  why 
convex  lenses  are 
sometimes  called 
"burning  glasses." 
A  pencil  of  rays 
emitted  from  the  principal  focus  F  (Fig.  265),  as  a  luminous 
p<  iiit,  becomes  parallel  on  emergijig  from  a  convex  lens.  If 
tlii'  rays  emanate  from  a  point  nearer  the  lens,  they  diverge  after 
egress,  but  the  divergence  is  lets  than  before  ;   if  from  a  point 


Fig.  266. 
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beyond  the  principal  focus,  the  rays  are  rendered  convergent. 
A  concave  lens  causes  parallel  incident  rays  to  diverge  as  if 
they  came  from  a  point,  as  F  (Fig.  26G).  This  point  is  there- 
fore its  principal  focus.     It  is,  of  course,  a  virtual  focus. 

§  299.    Conjugate  foci.  —  When  a  luminous  point  S  (Fig. 
Fig.  267.  2  6  7)    sends 

rays  to  a  con- 
vex lens,  the 
emergent  ra^s 
converge  to 
another  point 
S' ;  rays  sent 
from  S'  to  the 

lens  would  converge  to  S.  Two  points  thus  related  are  called 
conjugate  foci.  The  fact,  that  rays  which  emanate  from  one 
point  are  caused  by  convex  lenses  to  collect  at  one  point, 
gives  rise  to  real  images,  as  in  the  case  of  concave  mirrors. 

§  300.  Images  formed.  —  Fairly  distinct  images  of  objects 
maybe  formed  thr  aigh  very  small  apertures  (page  327)  ;  but 
owing  to  the  small  amount  of  light  that  passes  through  th3 
aperture,  the  images  are  very  deficient  in  brilliancy.  If  the 
aperture  is  enlarged,  brilliancy  is  increased  at  the  expense  of 
distinctness.  (Why?)  A  convex  lens  enables  us  to  obtain  both 
brilliancy  and  distinctness  at  the  same  time. 

Experiment  1.  By  means  of  aporte  lumierc  A  (Fig.  2fi8)  introduce  a 
horizontal  beam  of  light  into  a  darkened  room.  In  its  path  place  some 
object,  as  B,  painted  in  transparent  colors  or  photographed  on  glass. 
(Transparent  pictures  are  cheaply  prepared  by  photographers  for  sunlight 
and  Ihne-light  projections.)  Beyond  the  object  place  a  convex  lens  L, 
and  beyond  the  lens  a  screen  S.  The  object  being  illuminated  by  the 
beam  of  light,  all  the  rays  diverging  from  any  point  a  are  bent  by  the 
lens  so  as  to  come  together  at  the  point  a'.  In  like  manner,  all  the  rays 
proceeding  from  c  are  brought  to  the  same  point  c' ;  and  so  also  for  all 
intermediate  points.     Thus,  out  of  the  billions  of  rays  emanating  from. 
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each  of  the  millions  of  points  on  the  object,  those  that  reach  the  lens 
are  guided  b.v  it,  «ach  to  its  own  appropriate  point  in  the  image.  It 
is  evident  that  thiTc  must  result  an  image,  both  bright  and  distinct, 
provitleil  the  screen  is  suitably  placed,  i.e.,  at  the  place  where  the 
rays  meet.  But  if  the  screen  is  placed  at  S'  or  S",  it  is  evident 
that  a  blurred  image  will  be  formed.  Instead  of  moving  the  screen 
back  and  forth,  in  order  to  "focus"  the  rays  properly,  it  is  cus- 
tomary to  move  the  lens. 

Kxperiment  2.  Fill  some  globular-shaped  glass  vessel  (e.g.,  a  flask, 
decanter,  or  ti.sh-aquaiium)  with  water,  and  place  it  1"'  in  front  of  a 
while  wall  of  a  darkened  room.  A  little  beyond  the  vessel  place  a 
canille  flame,  and  move  it  back  and  forth  till  a  distinct  image  of  the 
flame  is  projected  upon  the  wall  by  the  water  lens.  Move  the  vessel 
farther  from  the  wall,  and,  on  again  focusing  the  flame,  its  image  will 
be  larger  than  before.     Repeat  the  same  with  a  glass  lens. 

Fig.  268. 
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By  properly  varying  the  distances  of  the  lens  and  flame  from 
llif  w:ill.  ill  the  last  experiment,  you  may  loarn  that  when  the 
distaiico  of  the  object  is  twice  that  of  the  principal  focus,  the 
object  and  image  are  of  equal  size.  When  the  image  is  within 
tvviep  the  focal  distance  it  is  less,  and  when  beyond  this  same 
distance  it  is  greater,  than  the  object.  In  all  cases  the  corre- 
spondiiuf  HiK^ar  dimensions  of  an  object  and  its  image  are  to  one 
another  direcHy  as  their  respective  distances  from  the  optical  center. 

§  301.  To  construct  the  image  formed  by  a  convex  lens. 
—  Given  the  lens  L  (Fig.  269),  whose  principal  focus  is  at  F  (or  F', 
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for  rays  coming  from  the  other  direction),  and  object  AB  in  front  of 
it;  any  two  of  the  many  rays  from  A  will  determine  where  its  image  a 
is  formed.  The  only  two  that  can  be  traced  easily  are,  the  one  along 
the  secondary  axis  AOa,  and  the  one  parallel  to  the  principal  axis  A  A' : 


Fig.  269. 


the  latter  will  be  deviated  so  as  to  pass  through  the  principal  focus  F, 
and  will  afterward  intersect  the  principal  axis  at  some  point  a ;  so  this 
is  the  conjugate  focus  of  A;  similarly  for  B,  and  all  intermediate 
points  along  the  arrow.     Thus,  a  real,  inverted  image  is  formed  at  ab. 

Fig.  270. 


§  302.  Virtual  images.  —  Since  rays  that  emanate  from  a 
point  nearer  the  lens  than  the  principal  focus  diverge  after 
egress,  it  is  evident  that  their  focus  must  be  virtual  and  on  the 
game  side  of  the  lens  as  the  object.     Heuce,  the  image  of  an 
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object  placed  nearer  the  len-i  than  the  principal  focus  is  virtual, 
magnified,  and  erect,  as  shown  in  Fig.  270.  A  convex  lens 
used  in  this  manner  is  called  a  simple  microsc"2)e. 

Since  the  effect  of  concave  lenses  is  to  scatter  transmitted 
rays,  pencils  of  rays  emitted  from  A  and  B  (Fig.  271),  after 

Fig.  271. 


refraction,  diverge  as  if  they  came  from  A'  and  B',  and  the 
image  will  appear  to  be  at  A'  B'.  Hence,  imtigfs  formed  by 
coiaave  lenses  are  virtual,  erect,  and  smaller  than  the  object. 


LVI.     PRISMATIC   AN.\LYSIS   OF   LIGHT.  —  SPECTRA. 

§  303.  Analysis  of  white  light.  —  Experiment  1.  Paste  tin- 
foil smoothly  over  one  side  of  a  ijlass  plate  about  5'"'"  square.  lu  the 
center  of  the  foil  cut  a  slit  3"='"  long  by  I'""  wide,  leaving  smooth  and 
parallel  edges.  Place  the  plate  with  the  slit  in  the  aperture  of  a 
potie  lumiere  so  as  to  exclude  all  light  from  a  darkened  room  except 
that  which  passes  through  the  slit.  Near  the  slit  interpose  a  double 
convex  lens  of  (say)  lo-inch  focus.  A  narrow  sheet  of  light  will 
traverse  the  room,  and  i)roduce  an  image,  A  B,  of  the  slit  on  a  white 
screen  placed  in  its  path.  Now  place  a  glass  prism,  C,  in  the  path  of 
the  beam  with  its  axis  (the  straight  line  connecting  the  centers  of  the 
triangular  faces)  parallel  to  A  B.  (1)  The  light  now  is  not  only  turned 
from  its  former  path,  l)ut  that  which  ])efore  was  a  narrow  sheet  is, 
after  emerging  from  the  prism,  spread  out  fan-like  into  a  wedge-shaped 
body,  with  its  thickest  part  resting  on  the  screen.  (2)  The  image,  be- 
fore only  a  narrow  vertical  band,  is  now  drawn  out  into  a  long  horizontal 
ribbon  of  light,  D  E.    (3)  Tlie  image,  before  white,  uo>v  contains  all  the 
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Colors  of  the  rainbow,  from  red  at  one  end  to  violet  at  the  other ;  i 
passes  gradually  through  all  the  gradations  of  orange,  yellow,  green, 
blue,  and  violet.     (The  difference  in  deviation  between  the  red  and  the 
violet  is  purposely  much  exaggerated  in  the  figure.) 

Fig.  272. 


From  this  experiment  we  learn  (1)  that  loMte  light  is  not 
simple  in  its  composition,  hut  the  result  of  a  mixture.  (2)  The 
colors  of  which  white  light  is  comiiosed  may  he  separated  hy  re- 
fraction. (3)  The  cause  of  the  separation  is.  due  to  the  different 
degrees  of  deviation  which  they  undergo  hy  refracti<^n.  Red, 
which  is  alwa3's  least  turned  aside  from  a  straight  path,  is  the 
least  refrangible  color.  Then  follow  orange,  yellow,  green, 
blue  and  violet  in  the  order  of  their  refrangibility.  The  many- 
colored  ribbon  of  light,  D  E,  is  called  the  solar  spectrum.  This 
separation  of  white  light  into  its  constituents  is  c&WQd- dispersion. 
The  number  of  colors  of  which  white  light  is  composed  is  really 
infinite,  but  we  have  names  for  only  seven  of  them  ;  viz.,  red^ 
orange,  yellow,  green,  cyan-blue,  idtramarine-blue,  and  violet; 
and  these  are  called  the  primary  or  imsmalic  'colors.    The  names 
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of  the  blues  are  derived  from  the  names  of  the  pigments  which 
most  closely  resemble  them.  The  rainbow  is  an  illustration  of 
a  solar  spectrum  on  a  grand  scale.  It  is  the  result  of  the  dis- 
persion of  sunlight  b}'  rain-drops. 

The  spectrum  may  be  projected  upon  a  screen,  or  it  may  be 
received  directly  by  the  eye,  as  in  the  two  following  experi- 
ments :  — 


Experiment  2.  Upon  a  black  card-board  A  (Fig.  274)  paste  a  strip 
of  wliite  paper  3"^'"  long  and  2"""  wide ;  and  place  the  prism  and  the  ej-e 
as  in  the  figure.  Now  a  beam  of  white  light  from  the  strip  is  refracted 
and  dispersed  l)y  the  prism,  and,  falling  upon  the  retina  of  the  eye,  you 
see,  not  the  narrow  white  strip  in  its  true  position,  but  a  spectrum  in 
the  position  A'.     This  experiment  is  performed  in  a  Ughted  room. 

Experiment  3.  Instead  of  a  continuous  white  strip,  paste  short 
strips  of  red,  white,  and  blue,  end  to  end,  on  the  black  card,  as  repre- 
sented in  Fig.  275,  The  spectrum  of  each 
color  is  given  on  the  right,  the  light  portions 
representing  the  illumi- 
nated parts.  It  will  be  seen 
that  in  the  spectrum  of  the 
red,  the  green,  blue,  and 
violet  portions  are  almost 
completely  dark,  but  there 
is  a  faint  trace  of  orange ; 
in  the  spectrum  of  the  blue, 
the  red,  orange,  and  yel- 
low are  wanting,  blue  and 
violet  are  present,  and  a 
small  quantity  of  green. 
(What  lessons  does  this  experiment  teach  ?) 

Experiment  4.  — •  In  place  of  the  white  strip 
of  paper  used  in  Experiment  2,  admit  light  into 
a  dark  room  through  a  narrow  slit,  and  examine 
Its  spectrum. 

§  304.  Synthesis  of  white  light.  —  The  composition  of 
wliite  light  has  been  ascertained  by  the  process  of  analysis  ;  can 
it  be  verified  by  syntfieaisf  —  i.e.,  can  the  colors,  after  dispersion, 
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be  reunited?  and,  if  so,  will  the  result  of  the  reunion  be  white 

light? 

Experiment  1.  Place  a  second  prism  (2)  in  such  a  position^  v  that 
light  whicli  has  passed  through  one  prism  (1),  and  been  refracted  and 
decomposed,  may  be  refracted  back,  and  the  colors  will  be  reblended, 
and  a  white  image  of  the  slit  will  be  restored  on  the  screen. 

Experiment  2.  Place  a  large  convex  lens,  or  a  concave  mirror,  so  as 
to  receive  tlie  colors  after  dispersion  by  a  prism,  and  bring  the  raj^s  to 
a  focixs  on  a  screen.     What  is  the  color  of  the  image  produced? 

Experiment  3.  Receive  tlie  spectrum  on  a  common  plane  mirror, 
and  rapidly  tip  the  mirror  back  and  forth  in  small  arcs  at  right  angles 
to  the  path  of  the  light,  so  as  to  mingle  the  different  colors  on  the 
screen.     What  is  the  result? 

§  305.  Cause  of  color  and  dispersion.  —  The  color  of  light 
is  deterviined  solely  hy  the  mimber  of  ivaves  emitted  by  a  luviin(>us 
body  in  a  second  of  time,  or  by  the  corresponding  wave-length.  In 
a  dense  medium  the  short  waves  are  more  retarded  than  the  longer 
ones;  hence  they  are  more  refracted.  This  is  the  cause  of  dis- 
persion. The  ether  waves  diminish  in  length  from  the  red  to 
the  violet.  As  pitch  depends  on  the  number  of  aerial  waves 
which  strike  the  ear  in  a  second,  so  color  depends  on  the  num- 
ber of  ethereal  waves  which  strike  the  eye  in  a  second.  From 
well-established  data,  determined  by  a  variety  of  methods  (see 
larger  works),  physicists  have  calculated  the  number  of  waves 
that  succeed  one  another  for  each  of  the  several  prismatic  colors, 
and  tlie  corresponding  wave-lengths  ;  the  following  table  con- 
tains the  results.  The  letters  A,  C,  D,  etc.,  refer  to  Fraunho- 
fer's  lines. 

Length  of  -waves  No.  of  waves 

in  millimeters.  per  second. 

Dark  red A 000700 395,000,000,000,000 

Orange C 000(j.j(; •tr)S,000,000,000,000 

Yellow 1) 000581) 510,000,000,000,000 

Green E 000527 570,000,000,000,000 

C.  BhK- L' OOO-ISO 018,000,000,000,000 

U.  Blue G nO04:!t fi'J7, 000, 000, 000,000 

Violet II 000397 7(JO,000,000,000,000 
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There  is  a  limit  to  the  sensibility  of  the  eye  as  well  as  of  the 
ear.  The  limit  in  the  number  of  vibrations  appreciable  by  the 
eye  lies  approximately  witliin  the  range  of  numbers  given  in  the 
altove  table  ;  i.e.,  if  the  succession  of  waves  is  much  more  or 
less  rapid  than  indicated  b}'  these  numliers  they  do  not  produce 
the  sensation  of  sight.  It  is  evident  that  the  freqat'iicy  of  the 
tvaves  emitted  by  a  luminous  body,  and  conneqwidly  tiw  color  of  the 
litjht  emitted,  mnal  d<qwnd  on  the  rapidity  of  the  vibratory  motions 
of  the  molecules  of  that  body,  i.e.,  ^^2)on  its  temperature.  This 
has  been  shown  in  a  convincing  maimer  as  follows  :  The  tem- 
perature of  a  platinum  wire  is  slowly  raised  liy  passing  a  gradu- 
ally increasing  current  of  electricity  1hrouy;h  it.  At  a  tempera- 
ture of  aliout  ;V!0°  ('.  it  beiiins  to  emit  light ;  and  the  light,  ana 
lyzod  by  a  i)rism,  shows  that  il  emits  only  red  light.  As  the 
temperature  rises  there  will  be  added  to  the  red  of  the  spec- 
trum, first  yellow,  then  green,  blue,  and  violet  successively. 
When  it  reaches  a  wliite  heat  it  emils  all  tiie  prismatic  colors. 
It  is  significant  that  a  white-iiot  body  emits  more  red  light  than 
a  red-liot  body,  and  likewise  more  light  of  every  color  than  at 
any  lower  temperature.  The  conclusion  is  that  a  body  ivhich 
emits  white  light  sends  forth  simultaneously  luaves  of  a  variety  of 
lengths 

§  306.  Heat  and  chemical  spectra.  —  If  a  sensitive  ther- 
mometer is  placed  in  different  parts  of  the  solar  spectrum  it 
will  indicate  iieat  in  all  parts;  but  the  heat  generally  increases 
from  ihe  violet  toward  the  red.  It  does  not  cease,  however, 
with  the  limit  of  the  visible  spectrum;  indeed,  if  the  prism  is 
made  of  Hint-glass,  the  greatest  heat  is  just  beyond  the  red.  A 
strii)  (jf  pai)er  wet  witli  a  solution  of  chloride  of  sliver  sutTers 
no  change  in  the  dail<  ;  in  the  light  it  quickly  turns  black  ;  ex- 
posed to  the  light  of  tiie  solar  spectrum  it  turns  dark,  but  quite 
unevenly.  The  change  is  slowest  in  the  red,  and  constantly 
iiureases,  till  about  the  region  between  blue  and  violet,  when 
it  attains  its  maximum;  from  this  point  it  falls  off  and  ceases 
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at  a  point  considerably  bej'ond  the  limit  of  the  violet.  It  thns 
appears  that  Ihe  solar  spectrum  is  not  limited  to  the  visible 
spectrum,  but  extends  beyond  at  each  extremity.  Those  rays 
that  lie  beyond  the  red  are  usually  called  the  ultra-red  rays, 
while  those  that  lie  beyond  the  violet  are  called  the  idtra-violet 
rays.  The  ultra-red  rays  are  of  louger  vibration-period,  and 
the  ultra-violet  of  shorter  period,  than  the  luminous  rays. 

§  307.  Only  one  kind  of  radiation.  —  The  fact  that  radi- 
ant energy  produces  three  distinct  effects  —  viz.,  luminous, 
heating,  and  chemical  —  has  given  rise  to  a  quite  prevalent  idea 
that  there  are  three  distinct  kinds  of  radiation.  There  is,  how- 
ever, absolutely  no  proof  that  these  different  effects  are  produced 
by  different  kinds  of  radiation.  The  same  radiation  that  pro- 
duces vision  can  generate  heat  and  chemical  action.  The  fact 
that  the  ultra-red  and  ultra-violet  rays  do  not  affect  the  eye 
does  not  argue  that  they  are  of  a  different  nature  from  those 
that  do,  but  it  does  show  that  there  is  a  limit  to  the  suscepti- 
bilit}'  of  the  eye  to  receive  impressions  from  radiation.  Just  as 
there  are  sound-waves  of  too  long,  and  others  of  too  short, 
period  to  affect  the  ear,  so  there  are  ethereal  waves,  some  of 
too  long,  and  others  of  too  short,  period  to  affect  the  eye.  It 
is  true,  however,  that  waves  of  long  period  from  the  sun  are 
more  energetic  in  producing  heating  effects  than  those  of  short 
period  ;  and  those  of  short  period  are  more  effective  in  gener- 
ating chemical  action  in  certain  substances  than  those  of  lono; 
period  ;  while  ouly  those  which  lie  between  the  extremes  affect 
the  eye. 


LVri.      COLOR. 

§  308.  Color  produced  by  absorption.  —  "All  objects  are 
black  ill  the  dark ;  "  tliis  is  equivalent  to  saying  that  ivithout 
light  there  Is  uo  color.  Is  color  a  quality  of  an  object,  or  is  it  a 
quality  of  the  light  which  illuminates  the  object?  " 
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Experiment  1.  Common  salt  introduced  into  a  Bunsen  flame  renders 
it  luminous,  and  the  light,  when  analyzed  with  a  prism,  is  found  to 
contain  only  yellow.  Expose  papers  or  fal)rics  of  various  colors  to  this 
lijrht  in  a  darkened  room.  No  one  of  them  exhibits  its  natural  color  except 
yellow. 

Experiment  2.  Hold  a  narrow  strip  of  red  paper  or  ribbon  in  the 
rcvl  i>ortion  of  the  solar  spectrum;  o])serve  its  color.  Slowly  move  it 
toward  the  other  end  of  the  spectrum,  carefully  observing  its  ajjpear- 
auce  as  it  moves  throuiih  the  different  colors.  Repeat  the  experiment, 
using  other  colors.     Tabulate  the  results  of  these  experiments. 


These  experiments  show  that  (1)  color  is  a  quality  of  the  light 
7vhich  illuminates,  and  not  of  the  object  illuminated ;  (2)  in  order 
thiit  an  object  may  appear  of  a  certain  color  it  must  receive  light 
of  that  color;  and  of  course  if  it  receives  other  colors  at  the  same 
time  it  mud  be  cajyable  of  absorbing  them.  The  cnei-gy  of  the 
waves  absorbed  is  converted  into  heat,  and  warms  the  object. 
When  white  light  strilces  an  object  it  appears  white  if  it  reflects 
all  the  colors.  If  red  light  falls  upon  the  same  object  it  appears 
red.  for  it  is  capable  of  reflecting  red;  or  it  appears  green  if 
green  light  alone  falls  on  it.  If  white  light  falls  upon  an  object, 
and  all  tlic  colors  are  absorbed  except  the  blue,  the  object 
a[)pears  l)liio.  When  we  paint  our  houses  we  do  not  apply 
I  olor  to  them.  We  apply  substances,  called  pigments,  that  have 
a  I  roperty  of  absorljing  all  the  colors  except  those  which  we 
would  have  our  houses  appear. 


Experiment  3.  By  means  of  a  parte  linniere  introduce  a  beam  of 
liirlit  into  a  dark  room.  Cover  the  orilice  with  a  deep  red  (copper)  iflasN. 
The  white  li;,dit.  in  passing  through  the  glass,  appears  to  be  colored 
rcil.     Does  the  glass  color  the  light  red  ? 

Experiment  I.  With  the  sht  and  prism  form  a  solar  spectrum,  and 
l)etween  the  |)rism  and  screen  interpose  the  red  glass.  What  is  tlu-  lo- 
sult?     Does  the  glass  color  the  light?     If  not,  what  docs  the  glass  do? 
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LIX.     THERMAL   EFFECTS   OF   RADIATION. 

§  309.  Diathermancy  and  athermancy. — What  becomes 
of  radiations  that  strike  a  body  depends  largely  upon  the  char- 
acter of  the  body.  If  the  nature  of  the  body  is  such  that  its 
molecules  can  accept  the  motion  of  the  ether,  the  undulations 
<^f  ether  are  said  to  be  absorbed  by  the  body,  and  the  body  is 
1 'acre by  heated ;  that  is,  the  undulations  of  ether  are  trans- 
it )rmed  into  molecular  motion  or  lieat.  A  good  illustration  of 
this  is  the  experiment  with  blackened  glass,  page  321.  On  the 
other  hand,  the  unblackened  glass  allows  the  radiations  to  pass 
freel}'  through  it,  and  very  little  is  transformed  into  heat. 
Notice  how  cold  window-glass  ma}^  remain,  while  radiations 
pour  through  it  and  heat  objects  within  the  room.  It  must  be 
constantly  borne  in  mind,  that  only  those  radiations  that  a  body 
absorbs  heat  it;  those  that  pass  through  it  do  not  affect  its  tem- 
perature. Bodies  that  transmit  radiant  heat  freely  are  said  to 
be  diathermanoics,  while  those  that  absorb  it  largely  are  called 
athermanous.  The  most  diathermanous  solid  is  rock  salt. 
Among  the  most  athermanous  solids  are  lamp-black  and  alum. 
Carbon  bisulphide,  among  liquids,  is  exceptionall}'  transparent 
to  all  forms  of  radiation ;  while  water,  transparent  to  short 
•waves,  absorbs  the  longer  waves,  and  is  thus  quite  athermanous. 

Experiment  1.  Bring  the  bulb  of  an  air  thermometer  into  the 
focus  of  a  burning-glass  exposed  to  the  sun's  rays.  The  radiation 
concentrated  on  tlie  enclosed  air  scarcely  affects  this  delicate  instru- 
ment. 

Experiment  2.  Cover  the  outside  of  the  bulb  of  the  air  thermom- 
eter with  lamp-black  and  repeat  the  last  experiment.  The  lamp-black 
absorbs  the  radiant  heat,  and  the  heat  conducted  through  the  glass  to 
the  enclosed  air  raises  its  temperature  and  causes  it  to  expand  and 
rapidly  push  the  liquid  out  of  the  stem. 

Dry  nir  is  almost  perfectly  diathermanous.  All  of  the  sun's 
radiations  that  reach  the  earth  i)ass  through  a  layer  of  air,  fi'om 
fifty  to  two  hundred  miles  in  depth,  which  contaiag  a  vast 
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amount  of  aqueous  vapor.  This  vapor,  like  water,  is  compara- 
tively opaque  to  long  waves  ;  hence  it  modifies  very  much  the 
character  of  the  radiations  which  reach  the  earth.  This  fact, 
together  with  what  we  have  learned  from  Exp.  2,  enable  us 
to  understand  the  method  by  which  our  atmosphere  becomes 
heated.  First,  a  very  considerable  portion  of  the  radiant  energy 
which  comes  to  us  from  the  sun,  in  the  form  of  relatively  long 
waves,  is  stopped  by  the  watery  vapor  in  the  air,  which  is,  in 
consequence,  heated.  Most  of  that  which  escapes  this  absorp- 
tion heats  the  earth  by  falling  upon  it.  The  warmed  earth  loses 
its  heat,  —  partly  by  conduction  to  the  ah-,  still  more  largely  by 
radiation  outward.  The  form  of  radiation,  however,  has  been 
greatly  changed  ;  for  now,  coming  from  a  body  at  a  low  temper- 
ature, it  is  chiefly  in  long  waves  that  the  energy  is  transmitted  ; 
while,  as  we  have  seen,  it  was  largely  in  the  form  of  short  waves 
that  the  earth  received  its  heat.  But  it  is  exactly  these  long 
waves  which  are  most  readily  stopped  by  the  atmosphere  ;  hence, 
the  atmosphere,  or  rather  the  aqueous  vapor  of  the  atmosphere, 
acts  as  a  sort  of  trap  for  the  energy  which  comes  to  us  from  the 
sun.  Remove  tlie  watery  vapor  (which  serves  as  a  "  blanket  " 
to  the  earth)  from  our  atmosphere,  and  the  chill  resulting  from 
the  rapid  escape  of  heat  by  radiation  would  put  an  end  to  all 
animal  and  vegetable  life.  Glass  does  not  screen  us  from  the 
sun's  heat,  but  it  can  very  effectuall}'  screen  us  from  the  heat 
radiated  from  a  stove  or  any  other  terrestrial  object.  Glass  is 
diathermanous  to  the  sun's  radiations  (simply  because  they 
have  already  lost  most  of  the  very  long  waves  by  atmospheric 
absorption),  but  quite  athermanous  to  other  radiations.  This 
is  well  illustrated  in  the  case  of  hot-beds  and  green-houses. 
The  sun's  heat  passes  through  the  glass  of  these  enclosures, 
almost  unobstructed,  and  heats  the  earth  ;  but  the  radiations 
given  out  in  turn  by  the  earth  are  such  as  cannot  pass  out 
through  the  glass,  hence  the  heat  is  retained  within  the  enclo- 
Bures. 
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§  310.  All  bodies  radiate  heat.  —  Hot  bodies  usually  part 
with  their  heat  much  more  rapidl}-  by  radiation  than  by  all  other 
processes  combined.  But  cold  bodies,  like  ice,  radiate  heat  even 
when  surrounded  by  warm  bodies.  This  must  be  so  from  the 
nature  of  the  case,  for  the  molecules  of  the  coldest  bodies 
possess  some  motion,  and  being  surrounded  by  ether,  they  can- 
not move  without  imparting  some  of  their  motion  to  the  ether, 
and  to  that  extent  losing  some  of  their  own  motion. 

§  311.  Theory  of  Exchanges.  —  Let  us  suppose  that  we 
have  two  bodies,  A  and  B,  at  different  temperatures,  —  A  warmer 
than  B.  Radiation  takes  place  not  only  from  A  to  B,  but  from 
B  to  A  ;  but,  in  consequence  of  A's  excess  of  temperature,  more 
heat  passes  from  A  to  B  than  from  B  to  A,  and  this  continues 
until  both  bodies  acquire  the  same  temperature.  At  this  point 
radiation  by  no  means  ceases,  but  each  now  gives  as  much  as  it 
receives,  and  thus  equilibrium  is  kept  up.  This  is  known  as 
the  "  Theoiy  of  Exchanges." 

§  312.  Good  absorbers,  good  radiators.  —  Experiment. 

Select  two  small  tin  boxes  of  equal  capacity,  —  one  should  be  bright  out- 
side, while  the  other  should  be  covered  thinly  with  soot  from  a  candle 
flame.  Cut  a  hole  In  the  cover  of  each  box  large  enough  to  admit  the 
bulb  of  a  thermometer.  Fill  both  boxes  with  hot  water,  and  introduce 
into  each  a  thermometer.  They  will  register  the  same  temperature  ut 
first.  Set  both  in  a  cool  place,  and  iu  half  an  hour  you  will  And  that 
the  thermometer  in  the  blackened  box  registers  several  degrees  lower 
than  the  other.  Then  fill  both  with  cold  water,  and  set  them  in  front 
of  a  fire  or  in  the  sunshine,  and  it  will  be  found  that  the  temperature 
iu  the  blackened  box  rises  fastest. 

As  bodies  differ  widely  in  their  absorbing  power,  so  they  do 
in  their  radiating  power,  and  it  is  found  to  be  universally  true 
that  good  absorbers  are  good  radiators^  and  bad  absorbers  are 
bad  radiators.  Much,  in  both  cases,  depends  upon  the  charac- 
ter of  the  surface  as  well  as  the  substance.  Bright,  polished 
surfaces  are  poor  absorbers  and  poor  radiators  ;  while  tarnished, 
^ark,  aud  roughened  surfaces  absorb  a,pd  radiate  heat  rapidly. 
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Dark  clothing  absorbs  and  radiates  heat  more  rapidly  than  light. 
(Which  is  better  to  wear  at  all  seasons?  Whj?  Why  are  cer- 
tain parts  of  steam  engines  kept  scrupulously  bright  ?  ) 

§  313.  Dew.  —  It  requires  no  elaborate  experiments  to  show 
that  some  bodies  radiate  heat  more  rapidly  than  others.  All 
nature  testifies  to  this  every  still,  cloudless  summer  night.  Dur- 
ing the  day  objects  on  the  earth's  surface  receive  more  heat  by 
radiation  than  they  lose,  but  as  soon  as  the  sun  has  set  this 
is  reversed.  Then  everything  begins  to  cool  as  its  heat  is  radi- 
ated into  space.  Objects  becoming  cool,  the  air  in  contact  with 
them  becomes  chilled  ;  its  watery  vapor  condenses,  and  collects 
in  tiny  liquid  drops  on  their  surfaces.  But  these  dew-drops 
collect  much  more  abundantly  on  certain  things,  such  as  grasses 
and  leaves,  than  on  others,  such  as  stones  and  earth.  The 
reason  that  it  does  not  collect  on  the  latter  so  freely,  is  because 
of  their  poor  radiating  power  ;  they  do  not  get  cool  as  rapidly. 

Fig.  294. 


LX.     SOME   OPTICAL   INSTRUMENTS. 

§314.  Compound  microscope. —The  simple  microscope 
W!is  described  on  page  355.  AVhen  it  is  desired  to  magnify  an 
object  more  than  can  be  done  conveniently  and  with  distinct- 
ness by  a  single  lens,  two  convex  lenses  are  used,— one  (O, 
Fig.  294)  called  the  object-glass,  to  form  a  magnified  real  image 
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A'B'  of  the  object  AB  ;  and  the  other  (E)  called  the  eye-glass., 
to  magnify  this  image  so  that  the  image  A'B'  appears  of  tho  size 
A"B".  In  the  same  sense  as  we  look  at  the  object  with  one 
lens  when  we  use  a  simple  microscope,  here  we  look  at  A'B'. 

§  315.  Astronomical  telescope..  —  The  astronomical  re- 
fracting telescope  consists  essentially,  like  the  compound  micro- 
scope, of  two  lenses.  The  object-glass  (O,  Fig.  295)  forms  a 
real  diminished  image  ah  of  the  object  AB;  this  image,  seen 
through  the  eye-glass  E,  appears  magnified  and  of  the  size  cd. 
The  object-glass  is  of  large  diameter,  in  order  to  collect  as 
much  light  as  possible  from  a  distant  object  for  a  better  illumi- 
nation of  the  image.     Some  idea  of  the  power  of  some  of  our 

Fig.  295. 


best  telescopes  may  be  obtained  from  the  fact  that  Mr.  Clark 
of  Cambridgeport  has  made  a  telescope  of  such  magnifjing 
power,  and  possessing  such  distinctness  of  definition,  that  a  ball 
two  inches  in  diameter,  and  two  hundred  and  fifty  miles  distant 
(about  the  distance  between  Boston  and  New  York) ,  would  be 
distinctly  visible  as  a  body  of  perceptible  dimensions,  if  properly 
illuminated. 

§  316.  Photographer's  camera.  —  The  photographer^ s  cam- 
era, or  camera  obscura,  of  which  AB,  Figure  296,  represents  a 
vertical  section,  consists  of  a  dark  box  painted  black  on  the 
interior.     A  screen  of  ground  glass  S  forms  a  partition  in  the 
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box.  A  sliding  tube  T  contains  a  convex  lens  L.  If  an  object 
D  is  placed  some  distance  in  front,  and  the  distance  of  the  lens 
from  the  screen  is  suitabl}-  adjusted,  a  distinct,  real,  and  inverted 
image  can  be  seen  upon  the  screen  by  looking  through  the 
aperture  C.  Wlicn  the  image  is  properly  focused,  tlie  photo- 
grapher replaces  the  ground  glass  plate  by  a  sensitized  plate, 
and  tlie  chemical  power  of  the  sun's  rays  paints  a  true  picture 
of  the  object  on  this  plate. 

Fig.  296. 


Fig.  207. 


§  317.  The  human  eye.  —  Figure  297  represents  a  horizontal 
section  of  this  wonderful  organ.  Covering  the  front  of  the  eye,  like  a 
watch-crystal,  is  a  transparent  coat  1, 
called  the  cornea.  A  tough  membrane 
2,  of  which  the  cornea  is  a  continua- 
tion, forms  the  outer  wall  of  the  eye, 
and  is  called  the  sclerotic  coat,  or 
"white  of  the  eye."  This  coat  is 
lined  on  the  interior  with  a  delicate 
membrane  3,  called  the  choroid  coat ; 
tlie  latter  is  covered  with  a  black 
pigment,  whicli  prevents  internal 
reflection.  The  inmost  coat  4,  called 
the  retina,  is  fornu-d  by  expansion 
of  the  optic  nerve  0.  The  front  of 
tlie  choroid  coat  ii  is  called  the  iris; 
its  color  constitutes  the  so-called 

"  color  of  tlie  eye."  In  the  center  of  the  iris  is  a  circular  openings, 
called  the  pnjnl,  whose  function  is  to  regulate,  by  involuntary  enlarge- 
ment and  contraction,  the  quantity  of  light  admitted  to  the  interior 
chnmbcr  of  tlic  eye.  Just  back  of  the  iris  is  a  tough,  elastic,  and 
transparent  body  0,  called  the  crijstaUims  lens.     This  lens  divides  the 
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eye  Into  two  chambers;  the  anterior  chamber  7  is  filled  with  a  limpid 
liquid,  called  the  aqueous  humor;  the  posterior  chamber  8  is  filled  witl> 
a  jelly-like  substance,  called  the  vitreous  humor. 

The  eye  is  a  camera  obscura,  in  which  the  retina  serves  as  a 
screen.  Images  of  outside  objects  are  projected  by  means  of 
the  crystalline  lens,  assisted  by  the  refractive  powers  of  the 
humors,  upon  this  screen,  and  the  impressions  thereby  made  on 
this  delicate  network  of  nerve  filaments  are  conveyed  by  the 
optic  nerve  to  the  l)rain.  If  the  two  outer  coatings  are  removed 
from  the  back  part  of  the  eye  of  an  ox,  recently  killed,  so  as  to 
render  it  somewhat  transparent,  true  images  of  whole  land- 
scapes may  be  seen  formed  upon  the  retina  of  the  eye,  when  it 
is  held  in  front  of  your  eye.  With  the  ordinary  camera,  the 
distance  of  the  lens  from  the  screen  must  be  regulated  to  adapt 
itself  to  the  varying  distances  of  outside  objects,  in  order  that 
the  images  may  be  pi'operly  focused  on  the  screen.  In  the  eye 
this  is  accomplished  l)y  changing  the  convexity  of  the  lens.  We 
can  almost  instantly  and  involuntarily  change  the  lens  of  the 
eye,  so  as  to  form  on  the  retina  a  distinct  image  of  an  object 
miles  away  or  only  a  few  inches  distant.  The  nearest  limit  at 
which  an  object  can  be  placed,  and  form  a  distinct  image  on  the 
retina,  is  about  five  inches.  On  the  other  hand,  the  normal  eye 
in  a  passive  state  is  adjusted  for  objects  at  an  infinite  distance. 
Curious  enough,  the  retina  on  careful  examination  is  found  to 
be  covered  with  little  projections  which  have  received,  from 
their  appearance,  the  names  of  rods  and  cones.  These  project 
from  the  nerve  fibres  veiy  mueli  like  nap  from  the  threads  of 
velvet.  It  is  thought  that  these  I'ods  and  cones  receive  and 
respond  to  the  vibrations  of  light  ;  in  other  words,  that  they 
co-vibrate  with  the  undulations  of  the  ether,  and  thereby  we  get 
our  sensation  of  lijiht. 


o 


§  318.  Chromatic  aberration.  —  There  is  a  serious  defect 
in  ordinary  convex  lenses,  to  which  we  have  not  before  alluded, 
called  chromatic  aberration,  which  has  required  the  highest  skill 
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of  man  to  correct.  The  convex  lens  both  refracts  and  disperses 
the  light  that  passes  through  it.  The  tendency,  of  course,  is  to 
bring  the  more  refrangible  rays,  as  the  violet,  to  a  focus  much 
sooner  than  the  less  refrangible  raj-s,  such  as  the  red.  The 
result  is  a  disagreeable  coloration  of  the  images  that  are  formed 
by  the  lens,  especially  bj-  that  portion  of  the  light  that  passes 
through  the  lens  near  its  edges.  This  evil  has  been  overcome 
very  effectually  by  combining  with  the  convex  lens  a  plano-con- 
cave lens.  Now,  if  a  crown-glass  convex  lens  is  taken, 
a  flint-glass  concave  lens  may  be  prepared  that  will 
correct  the  dis|>ersion  of  the  former  without  neutralizing 
all  its  refraction.'  The  possibility  of  this  is  due  to  the 
fact  that  flint-glass  disjierses  more  strongly  in  proi)or- 
tion  to  its  refractive  i)ower  than  crown-glass.  A  com- 
l)oand  lens,  composed  of  tliese  two  lenses  (Fig.  298) 
cemented  together,  constitutes  what  is  called  au  achromatic  len^ 

Fig.  299. 


Fig.  208. 


§  319.  Stereopticon. — This  instrument  is  extensively  em- 
ployi'd  in  the  lecture-room  for  prwiucing  on  a  screen  magnified 
inuigos  of  small  transparent  pictures  on  glass,  called  slides; 
also  for  rendering  a  certain  class  of  experiments  visible  to  a 
large  audience  by  projecting  them  on  a  screen.  The  light  most 
commonly  used  is  the  lime  lights  though  the  electric  light  is  pre- 
ferred for  a  certain  class  of  projections.  The  flame  of  an  oxyhy- 
drogen  blow-pipe.  A,  Fig.  299,  is  directed  against  a  stick  of 
lime  B,  and  raises  it  to  a  white  heat.  The  light  of  the  lime  is 
converged  —  by  meaus  of  a  convex  lens  c,  called  the  condensing 

'  The  refractive  and  dUperslvo  powers  of  the  two  Icnsea  are  not  proportional. 
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lens  (usually  two  plano-convex  lenses  are  used)  —  upon  the  slide 
D,  and  strongly  illuminates  it.  In  front  of  it  is  placed  another 
convex  lensE,  (or  a  system  of  lenses),  called  the  projecting  lens. 
The  latter  lens  produces  (or  projects)  a  real,  inverted,  and 
magnified  image  of  the  picture  on  the  screen  S.  The  mounted 
lens  E  may  be  slid  back  and  forth  on  the  bar  F,  so  as  properly 
to  focus  the  image.  (For  useful  information  relating  to  the 
operation  of  projection,  see  Dolbear's  Art  of  Projection.) 
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The  area  of  tliis  figure  Is  a  sqnar"  decimeter. 
A  cube  of  water,  one  of  who  ie  sides  is  this  area, 
]8  a  cubic  decimeter  or  a  liter  of  water,  and  at  the 
temperature  of  4°  C.  weighs  a  kilogram.  The 
^;^me  volume  of  air  at  0°  C,  and  under  a  pressure 
of  one  atmosphere,  weighs  1.293  grams.  The 
gram  is  the  weight  of  1«  of  pure  water  at  4"  C. 
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SECTION   A. 

Metric  system,  of  measures.  —  The  term  metric  is  derived  from 
the  word  meter,  which  is  the  name  of  the  fundamental  unit  employed 
in  this  system  for  measuring  length,  and  from  which  all  other  units 
of  the  system  are  derived.  The  meter  is,  approximately,  the  ten- 
millionth  part  of  the  distance  from  the  Equator  to  the  North  Pole. 
Defined  by  law,  it  is  the  distance  at  0°  C.  between  two  lines  engraved 
on  a  platiniun  bar  kept  in  the  Paris  Observatory.  The  gram  is  theo- 
retically the  mass  of  Ice  of  distilled  water  at  4°C.  By  law  it  is  j-^^^ 
of  the  mass  of  a  piece  of  platinum  preserved  in  the  same  observatory. 
At  Washington  are  kept  exact  copies  of  the  meter  and  other  metric 
measures. 

The  following  tables  contain  all  the  requirements  of  this  book.  The 
pupil  will  find  more  complete  tables  in  any  good  arithmetic. 

TABLE   OF   LENGTHS. 

10  millimeters  (""■")  =  1  centimeter  ('=™). 
10  centimeters  =  1  decimeter  C*^""). 

10  decimeters  =  1  meter  (™). 

1000  meters  =  1  kilometer  (k™). 

TABLE  OF  AREAS. 

100  square  millimeters  (qmm-)  _  j  square  centimeter  (1=™). 
100  square  centimeters  =1  square  decimeter  (<!<*■"). 

100  square  decimeters  =  1  square  meter  (i""). 

1,000,000  square  meters  =  1  square  kilometer  (ikm). 
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TABLE  OF  VOLUMES. 

1000  cubic  millimeters  (<»"»•)  =  1  cubic  centimeter  (""'or"'). 
1000  cubic  centimeters  =  1  cubic  decimeter  ('^"'). 

1000  cubic  decimeters  =  1  cubic  meter  (<=•>"'). 

The  volumes  of  liquids  and  gases  are  either  expressed  in  the  units 
of  the  above  table  or  in  liters.     The  liter  is  1«^,  or  1000<*. 


TABLE  OF  MA88ES  OR  WEIGHT8. 

10  milligrams  (""8)  =  1  centigram  (<«). 
10  centigrams  =  1  decigram  C^^). 

10  decigrams  =  1  gram  (s). 

1000  grams  =  1  kilogram  or  kilo  (^). 


TABLE  OF  EQUIVALENTS, 

1  inch  =       0.0254  meter,    or  about  2\  centimeters. 
1  foot  =       0.3048  meter,    or  about  30  centimeters. 
1  yard  =       0.9144  meter,    or  about  \\  meter. 
1  mile  =  1609.0000  meters,  or  about  ly%  kilometers. 

•  «S.  -1  i'?;'"  .".rt  =  ■!  Ho?  1£,  "  >■■«"  -1  more  *-  '  «'«'• 
1  U.S.  gallon  =  3.785  liters,  or  about  %^^  liters. 

,  I  avoirdupois  r.„«««  _  J   0.02835  kilo,  ^^^„^i,„^)  less 

^^  Troy  and  apothecaries'   ^""ce  - -;   Qog^jQ  kilo,  or^a'^ner^  ^^^^ 

than  30  grams. 
1  avoirdupois  pound  =  0.45359  kilo,  or  about  -^  kilo. 

When  great  accuracy  is  not  required,  it  will  be  found  convenient  to 
remember  that 

CiprttlmetefS  Y.  \  —  inches  (nearly)  ; 
Inches  X  |  =  centimeters  (nearly)  ; 

5  meters  =  1  rod  (nearly)  ; 

also,  kilos  X  V  =  pounds  (nearly) ; 

pounds        X^  =  kilos  (nearly). 
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SECTION  B. 


Fig.  300. 


Cutting  glass.  —  Bottoms  of  glass  bottles  may  be  cut  off,  and 
plate  glass  may  be  easily  cut  in  any  pattern  desirable,  by  observing  the 
following  directions.  Procure  an  iron  rod  B,  Fig.  300,  25="  long  and 
jimn  jjj  diameter,  and  insert  one  end  in  a  wooden  handle  C,  and  let  the 
exposed  end  be  filed  to  a  smooth  surface.  With  a  pointed  piece  of  soap, 
trace  a  line  on  the  glass  where  you  would  cut ;  and,  if  it  is  a  bottle 
that  is  to  be  cut,  file  a  short  gash  A  (to  a  depth  varying  with  the  thick- 
ness of  the  glass) 
in  the  bottle  in  the 
direction  of  the 
line  drawn.  Heat, 
in  a  Bunsen  flame, 
the  free  end  of  the 
rod  to  a  bright  red 
heat  (the  hotter 
the  better),  and 
apply  the  heated 
end  to  the  glass,  as 

in  the  figure,  about  1™"»  from  one  extremity  of  the  gash  for  (say)  about 
five  seconds  (longer  if  the  glass  is  very  thick ;  not,  however,  long  enough 
to  crack  the  glass),  and  then  quickly  apply  it  in  the  same  manner  to 
the  other  extremity  of  the  gash,  as  D,  and  hold  it  firmly  till  you  see 
a  fine  crack  creeping  toward  the  rod ;  then  slowly  move  the  rod  along 
the  traced  line,  and  the  crack  will  follow  faithfully  the  movements 
of  the  rod.  If  plate  glass  is  to  be  cut,  file  a  small  gash  E  in  one 
edge ;  and,  commencing  with  this  gash  as  before,  you  may  cut  in  the 
glass  a  circle,  or  any  design  you  desire.  To  bore  holes  in  glass,  make 
a  thick  paste  by  partially  dissolving  gum  camphor  in  spirits  of  tur- 
pentine ;  nip  off  a  short  piece  from  the  end  of  a  Small  rat-tail  file, 
and,  keeping  the  ragged  end  wet  with  the  paste,  you  can  readily  bore 
a  hole  by  employing  strong  pressure,  and  by  a  twisting  movement  as 
in  boring. 
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TABLES    OF    SPECIFIC    GRAVTTIES    OF    BODIES. 
[The  standard  employed  in  the  tables  of  solids  and  liquids  is  distilled  water  at  4*C.] 

I.   Solids.  • 


Antimony 6.712 

Bismuth 9.822 

Brass 8.380 

Copper,  cast 8.790 

Iridium 23.000 

Iron,  cast 7.210 

Iron,  bar 7.780 

Gold 19.3G0 

Lead,  cast 1 1.350 

Platinum 22.009 

Silver,  cast -10.470 

Tin,  cast 7.290 

Zinc,  cast.  .  . . 6.800 

Anthracite  coul -^  1.800 

Bituminous  coal ;  J. 250 


Diamond 3.530 

Glass,  flint 3.400 

Human  body 0.890 

Ice 0.920 

Quartz 2.650 

Rock  salt 2.257 

Saltpetre... 1.900 

Sulpliur,  native 2.033 

Tallow 0.942 

Wax 0.969 

Cork i\.  .M.: 0.240 

Pine ^ 0.650 

Oak  ....  ./. '. 0.845. 

Beech  .-,, Q.852 

Eboiiy^. 1.187 


LIT' .'Liquids. 


Alcohol,  absolute 0.800 

Bisulpliide  of  carbon 1.293 

Kther 0.723 

Hydrochloric  ;i(i;l 1.240 

Mercury 13.598 

Milk '.'..'.  /'  1.032 

Naphtha 0.847  ' 


Nitric  acid 1.420 

Oil  of  turpentine 0.870 

Olive  oil..,.  ....  . ..  0.915 

Sea'  watiei^. '. 1.0'2G' 

Sulphuric  acid  . .  .' 1.'841 

Water,  40  c.,  distilled.  1.000 

Water, OOC, distilled   ..  0.909- 


Air 1. 0000 

Ammonia 0.5367 

Carhimic  acid 1.5200 

Cbiorliw;. .  i,.  ..:ti . . . . . 2.4400 

Ilydrochhiric  acid 1.2540 


III.    Gases. 

f Standard  :  airatO°C. ;  barometer,  76™.] 

Hydrogen    0.0693 


Nir,ro.i,'en 0.9714 

O.xygen 1.1057 

Sulplmretted  l^ydrog(;n  .  1  1012 

Sulphurous  acid 2.2474 


APPIDNDIX. 


379 


SECTION  D. 

TABLE  OF  NATURAL  TANGENTS. 


Deg. 

Tangmt. 

Deg. 

Tangent. 

Deg. 

Tangent. 

Deg. 

Tangent. 

1 

.017 

24 

.445 

47 

1.07 

70 

2.1b 

2 

.035 

25 

.466 

48 

1.11 

71 

2.90 

3 

.052 

26 

.488 

49 

1.15 

72 

3.08 

4 

.070 

27 

.510 

50 

1.19 

73 

3.27 

5 

.087 

28 

.532 

51 

1.23 

74 

3.49 

6 

.105 

29 

.554 

52 

1.28 

75 

3.73 

7 

.123 

30 

.577 

53 

1.33 

76 

4.01 

8 

.141 

31 

.601 

54 

1.38 

77 

4.33 

9 

.158 

3S 

.625 

55 

1.43 

78 

4.70 

10 

.17G 

33 

.649 

56 

1.48 

79 

5.14 

11 

.194 

34 

.675 

57 

1.54 

80 

5.67 

12 

.213 

35 

.700 

58 

1.60 

81 

6.31 

13 

.231 

36 

.727 

59 

1.66 

82 

7.12 

14 

.249 

37 

.754 

60 

1.73 

83 

8.14 

15 

.268 

38 

.781 

61 

1.80 

84 

9.51 

16 

.287 

39 

.810 

62 

1.88 

85 

11.43 

17 

.306 

40 

.839 

63 

1.96 

86 

14.30 

18 

.325 

41 

.869 

64 

2.05 

87 

19.08 

19 

.344 

42 

.900 

65 

2.14 

88 

28.64 

20 

.364 

43 

.933 

66 

2.25 

89 

57.29 

21 

.384 

44 

.966 

67 

2.36 

90 

Infinite. 

22 

.404 

45 

1.000 

68 

2.48 

23 

.424 

46 

1.036 

69 

2.61 
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SECTION  B. 

Galvanometer.  —  A  galvanoinetcr  that,  along  with  the  one  de- 
scribed in  §  175,  will  answer  sufficiently  well  all  the  purposes 
of  this  book,  can  be  easily  an  J  cheaply  prepared  as  follows: 
Make  a  wooden  frame  A  (Fig.  301),  10='"  square  and  2.5<='n  thick, 
joined  by  wooden  or  brass  pins  in  grooves;  on  it  wind  50  to  GO 
turns  (i  lb.)  insulated  No.  16  wire  in  two  layers,  leaving  P'" 
space  in  the  center  (in  the  figure  this  space  is  exaggerated  in  order 
to  show  the  position  of  the  needles),  and  insert  the  extremities  in  the 
brass  screw-cups  L  and  K.  In  this  frame  insert  a  copper  or  brass 
wire  D,  carrying  a  cork  E,  which  supports  a  silk  fibre  F  and  a  strip  of 

Fig.  301. 


paper  (;.  Magnetize  a  large  sewing-needle  IT,  and  insert  in  the  paper, 
a.s  in  tlu!  figure;  also  insert  a  small  copper  wire  I  in  the  paper  for  a 
pointer,  and  suspend  the  wliole  so  that  the  needle  will  swing  freely 
between  the  upper  and  lower  windings  of  wire,  and  the  pointer  will  be 
ju.st  above  the  eoils.  Prepare  a  graduated  circle  on  a  card  :M,  having 
a  hole  in  the  center  through  which  to  pass  the  needle,  and  lay  it  on  the 
coil.  To  prevent  disturbance  from  currents  of  air^  cover  the  whole 
with  a  frame  N,  havin;,'  a  glass  plate  O  laid  over  its  top.  Connect  the 
battery  wires  with  the  screw-cups  L  ana  K.  The  cost  of  material  need 
not  exceed  75  pejits, 
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SECTION  P. 

Kind  of  battery  to  use.  —  Several  things  must  be  considered 
in  the  selection  of  a  battery  for  a  particular  use.  Among  the  most 
important  of  these  are  the  intensity  of  current  required,  and  the 
service  required;  i.e.,  whether  continuous,  temporary,  or  occasional 
currents  are  wanted.  The  cost  is  of  consequence,  but  that  must  be 
governed  mainly  by  the  preceding  considerations.  In  the  following 
arrangement,  preferences  are  given  to  the  several  batteries  by  num- 
bers, in  the  order  in  which  they  occur  against  the  several  uses 
specified :  — 


NAMES  OF   BATTERIES,    ETC 

1.  Smee.  4.  Dauiell. 

2.  Leciauche.  5.  Grenet. 

3.  Gravity.  6.  Bunsen  or  Grove 


7.  Magneto    or    dy- 
namo machines. 

8.  Thermo-batteries. 


USES  CELLS  ARE   SUITED  FOR. 

Strong,  Continuous  Currents. 

Electrotyping  or  Electro-plating 7,  4,  1,  3. 

Electro-magnets 3,4,1. 

Electric  light 7,6. 

Telegraph  (closed  circuit) 3,  4. 

Temporary. 

Induction  coils 5,  6,  4,  -3. 

Medical  coils 5,  I. 

Occasional. 

Annunciators,  domestic  bells 2.  1 ,  8,  4. 

Exploding  fuses 2,  4. 

Electrical  measurements  (constant  current) 8,4,3. 
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SECTION  a. 

Apparatus  to  illustrate -wave-motion. —  The  most  efficient 

apparatus  for  this  purpose  that  we  have  seen  may  be  constructed  as 
follows.  Procure  forty  wooden  return-balls  (sold  at  toy  stores) ;  sus- 
pend them  by  strings  (better,  fine  wires)  about  1""  long,  as  in  Figure 
302,  and  about  7'='"  apart.     Connect  all  the  balls  horizontally  by  small 

Fig.  302. 


elastic  cord  (better,  small  spiral  wire  coil),  and  connect  the  ball  at  one 
extremity  of  tlie  series  with  a  suspended  weight  B  (weighing  about 
1'')  ,  and  from  the  ball  at  the  other  extremity  suspend  a  small  weight 
A,  which  may  be  easily  removed  when  desirable.  By  a  simple  vibra- 
tion given  with  the  hand  to  A,  a  wave,  as  CD,  will  be  projected 
through  the  series,  and  on  reaching  B  will  be  reflected  ;  though  when 
rellcctir)!!  is  wanted,  B  had  better  be  replaced  by  a  hook  attached  to  a 
wall. 
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SECTION   H. 


Fig.  303. 


Porte  Lumi^re.  — Two  half -sections  of  a  tube  A  and  B  (Fig.  303) 
may  easily  be  sawn  from  a  block  of  pine  wood.  These  glued  together 
at  their  edges  make  the  tube  C. 
This  tube  is  20'^'"  long  and  15'='°  in 
diameter,  with  a  bore  of  ll*^™  diam- 
eter. Raise  a  window-sash  about 
50=™,  and  fit  a  board  D  just  to  fill 
the  opening.  In  the  middle  of  this 
board  cut  a  hole  just  large  enough 
to  receive  the  tube,  and  allow  it  to 
turn  in  the  hole  freely.  Attach  a 
bolt  E  to  the  board  D,  and  about 
12<:m  from  one  end  of  the  tube  bore 
a  row  of  holes  around  the  tube, 
2^ cm  jjj  depth  and  about  1*=°^  apai't, 
to  receive  the  bolt.  By  means  of  a 
hinge,  attach  to  the  outer  edge  of  the  tube  a  board  G,  SO"^™  long,  14<=°>  wide, 
and  l.ot^™  thick.  A  mirror  F,  26'^"  io,-,o-  and  12<=m  wide,  is  fastened  by 
tacks  with  large  heads  to  the  upper  surface  of  this  board.  A  stout 
string  attached  to  one  of  the  long  edges  of  the  board  is  carried  through 
the  tube  and  fastened  to  a  binding  screw  H.  When  the  mirror  is  to 
be  adjusted  so  as  to  receive  the  sun's  rays  and  reflect  them  through  the 
tube,  rotate  the  tube,  and  raise  or  depress  the  mirror  by  means  of  the 
string,  so  as  to  adapt  it  to  the  position  and  elevation  of  the  sun  in  the 
heavens,  and  then  fasten  by  means  of  the  bolt  and  string.  A  win- 
dow on  the  south  side  of  a  building  should  be  selected  for  experiments 
with  this  apparatus.  The  portion  of  the  window  not  occupied  with 
the  board  D,  as  well  as  other  windows  not  in  use,  may  be  darkened 
with  curtains  of  black  enamelled  cloth.  The  whole  cost  of  the  above 
apparatus  need  not  exceed  igl.OO. 
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SECTION  I. 

Resistance  and  Weight  Table  for  Cotton  and  Silk 
Covered  and  Bare  Cotton  "Wire. — By  Browne  &  Sharpe's 
American  Gauge.  The  resistances  are  calculated  for  pure  copper  wire. 
The  number  of  feet  to  the  pound  is  only  approximate  for  insulated 
wire. 


2 
o 

1 

Feet  per  Poond. 

Re^9Tance  Nakxp  Copfkr. 

No. 

Cotton 

Silk 

Naked. 

Ohnis  Per 

Ohms 

Feet  Per 

Ohms  Per 

c 

Covered. 

Covered. 

1,000  Feet. 

Pet  Mile. 

OKm. 

Pound. 

8 

.12849 

20 

.6259 

3.3 

1600. 

.0125 

9 

.11443 

25 

.7892 

4.1 

1272 

.0197 

10 

.10189 

32 

.8441 

4.4 

1185. 

0270 

11 

.0;»074 

40 

1.254 

6.4 

798 

.0501 

12 

.08081 

42 

46 

50 

1.580 

8.3 

633. 

079 

13 

.07196 

55 

60 

64 

1.905 

10.4 

504. 

.127 

14 

.0()408 

68 

75 

80 

2.504 

13.2 

400 

.200 

15 

.05707 

87 

95 

101 

3.172 

16.7 

316. 

.320 

16 

.0.")082 

110 

120 

128 

4.001 

23. 

230 

513 

17 

.04525 

140 

150 

161 

5.04 

20. 

198 

.811 

18 

.0403 

175 

190 

203 

6.36 

33. 

157. 

1.29 

19 

.03539 

220 

240 

256 

8.25 

43. 

121. 

2.11 

20 

.03196 

280 

305 

324 

10.12 

53. 

99 

3.27 

21 

.02846 

3(!0 

390 

408 

12.76 

68. 

76.5 

5.20 

22 

.02535 

450 

490 

614 

16.25 

85. 

61.8 

8.35 

23 

.02257 

560 

615 

649 

20.30 

108. 

48.9 

13.3 

24 

.0201 

715 

775 

818 

25.00 

135. 

39.0 

20.9 

25 

.0179 

910 

990 

1030 

32.2 

170. 

81.0 

33  2 

26 

.01.")94 

1165 

1265 

1300 

40.7 

214. 

24.6 

52.9 

27 

.01419 

1445 

1570 

1640 

51.3 

270. 

19.5 

84  2  - 

28 

.01264 

1810 

1970 

2070 

64.8 

343. 

15  4 

134. 

29 

.01126 

2280 

2480 

2617 

81.6 

432. 

12.2 

213 

m 

.01002 

2805 

3050 

3287 

103 

538. 

9.8 

338. 

31 

.00893 

3605 

3920 

4144 

130 

685. 

7.7 

539. 

32 

.00795 

4535 

4930 

5227 

164 

865. 

6.1 

856 

33 

.00708 

6200 

6590 

206 

1033. 

4.9 

1357. 

34 

.0063 

7830 

8330 

260 

1389. 

3.8 

2166. 

35 

.00501 

9830 

10460 

328 

1820. 

2.9 

3521. 

30 

.005 

12420 

13210 

414 

2200. 

2.4 

5469. 

< 

^^__.^ 

IKDEX. 


[The    Numbers    refer  to    Packs.] 
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Absorption  of  gases  by  solids,  41. 

of  gases  by  liquids,  42. 
Adhesion,  36. 
Amorphous  hodies,  23. 
Attraction,  Mutual,  16. 

Phenomena  of,  23. 

Brittleness,  34. 

Capillarity,  37-39. 

Laws  of,  39. 
Chance,  Absence  of,  2. 
Changes,  Physical  and  chemical,  12. 

of  volume  by  crystallization,  29. 
CleaVeage,  Plane  of,  27,  31. 
Cohesion,  26. 

in  water,  21. 
Colloids,  44. 
Crystallization,  27. 

Change  of  volume  by,  29. 

Cause  of  tendency  to,  30. 

of  water,  28. 

of  iron,  30. 
Crystalloids,  44. 

Density,  11. 
Dialysis,  44. 
Diffkision  of  liquids,  4^; 

through  porous  paTtitio'ns,  43,  45. 

of  gases,  44. 

fountain,  46. 
Dnctilfty,  35. 

Elasticity,  32. 

Perfect,  34. 

Limit  of,  34. 
Kudtnainose,  43. 
Ezoamose,  43. 
Ezpcrlmeitfotlon,  8, 4^ 


\    Flexibility,  32. 
Fluidity,  35. 
Force,  15. 

defined,  16. 

Molar  and  molecular,  16,  18. 

of  gravity,  17,  24. 

Gases>  Distinguishing  property  of,  20. 
Gravitation,  23. 

Hardness,  31. 

Scale  of,  32. 
Heat,  9. 

Effect  of,  on  solution,  40. 

Impenetrability,  4,  9. 

Liiquids,   Distinguishing  properties 
of,  19. 
Incompressibility  of,  21 . 

malleability,  35. 

Mass,  11,  23. 

distinguished  from  weight,  25. 
Matter,  3. 

An  essential  property  of,  4. 

Compressibility  of,  17. 

Constitution  of,  9. 

Constant  quantity  of,  13. 

Crystalline  and  amorphous,  2T. 

Minuteness  of  particleer  of,  6. 

Three  states  of,  18-22. 
Molecule,  7,  8,  9. 

IVature,  Order  of,  2. 

Absence  of  chance  in,  2. 

Law  of,  2. 

Law  of,  not  a  cause,  2. 

Means  of  obtaining  a  knoi^l^dgfe  at;  1. 

Oantoae,  48. 
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Phenomenon,  3,  4. 
Por€-«,  Phjeical,  10. 
Porosity,  10. 

Repulsion,  Mutual,  16. 

Sensations,  1. 

and  inferences,  2. 

and  things,  3. 
Senses,  1. 
.Solids,  Distinguishing  property  of,  19. 

Limit  of  elasticity  of,  3i. 

Solution  of,  40. 

"When  wet  by  liquids,  37. 
Solution  of  solids,  40. 


Spring  balnnce,  33. 
Strain,  34. 

Stress,  34. 

Substance,  Simple  and  compound,  11, 
12. 

Tenacity,  35. 

TTp  and  down,  25. 

Viscosity,  34. 

Weight,  23,  2.i. 

distinguished  from  mass,  25. 
Welding,  27. 


CHAPTER   II. 


Action,  128. 
Air-Punip,  57. 

Apparatus  for  raising  liquids,  77,  78 
Atmosphere,  a  unit  of  pressure,  52. 

Pressure  of,  52,  b'. 

Hight  of,  54. 
Artesian  wells,  73. 

Raronteter,  53. 

Boyle's  law,  62. 

Buoyant  force  of  fluids,  79-82. 

Center  of  gravity,  104. 

To  find,  106. 
Center  of  inertia,  105. 
Centrifugal  force,  109. 
Centripetal  force,  110. 
<'ondeii«er,  63. 
Couple,  Mechanical,  103. 

Density,  82. 
DIrerlloii,  Line  of,  105. 
Dyi>"ii>ii's  (leliued,  47. 

of  tluid",  47. 
I>yne,  137,  140. 

Energy,  131-133. 

contrusled  with  momentum,  135. 
Formula  for,  135. 
Potential  and  kinetic,  133,  134. 
Transformation  of,  140. 
Unit  of,  137, 140. 


3<^quillbrium,  47. 

Three  states  of,  106. 

Stable,  107. 

Neutral,  107. 

Unstable,  107. 

of  forces  acting  in  one  plane,  151-156.. 
Erg,  138,  140. 
Expansibility  of  gases,  55. 

Falling  bodies,  IIJ,  114. 

in  a  vacuum,  115. 
Foot-pound,  132. 
Force,  Absolute  unit  of,  137,  140. 

Centrifugal,  lO'.i. 

Centripetal,  110. 

Compontnits  of,  94. 

Equilibrant,  103. 

Gravity  unit  of,  137. 

Measure  of  a,  135. 

Measure  of  the  effect  of  a,  138. 

KcHOlved  part  of,  95,  97. 

Moment  of,  150. 
Forces,  Comiwsition  of,  94,  98, 102. 

Graphic  representation  of,  93. 

Resolution  of,  95. 

Resultant  of,  94. 

Gases,  Compreseibillty  and  expansibility 
of,  55. 
Law  of  volume  and  pressure,  62. 
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Gravity,  Center  of,  104. 
To  find  center  of,  106. 
Acceleration  due  to,  114. 
Specific,  83-85. 

Horse-power,  133. 
Hydrometer,  86. 

Hydrostatic  bellows,  67. 
press,  67. 

Inertia,  83. 

Center  of,  10.5. 
Inclined  plane,  149. 

Kilograinineter,  132. 

Kinetic  energy,  133. 

Liquid  surface  level,  72. 

Machines,  Uses  of,  143. 

Internal  work  done  by,  145. 

Law  of,  144. 

Efficiency  or  modulus  of,  145. 
MecHanical  units.  Summary  of,  140. 
Mariotte's  law,  60,  62. 
Moment  of  a  force,  150. 

Vanishing  of  moments,  150. 
Momentum,  126. 

contrasted  with  energy,  13-5. 

Unit  of,  128. 
Motion,  89. 

All  matter  in,  89. 

arises  from  mutual  action  between  at 
least  two  bodies,  91. 

Accelerated  and  retarded,  90,  112, 115. 

Cunilinear,  109. 

Formulas  for  accelerated  and  retarded, 
114,  115. 

First  law  of,  90,  92. 

received  by  masses  of  matter  gradu- 
ally, 91. 

Second  law  of,  93, 127. 

Third  law  of,  128,  129. 

Uniform  and  varied,  90. 
'versus  rest,  89.  • 

OscUlation,  Center  of,  122. 

Parabolic  curve,  118. 


Parallel  forces,  Composition  of,  102. 
Pendulum,  121. 

Center  of  oscillation,  122. 

Center  of  percussion,  12 1. 

Compound,  122, 12:5. 

Useful  applications  of,  12'). 

Time  of  vibration  of,  121,  122. 
Physics  defined,  141. 
Potential  energy,  133. 
Press,  Hydrostatic,  67. 
Pressure,  47. 

in  iiuids,  48,  .50,  51. 

Transmission  of,  in  fluids,  64,  67. 
in  fluids  due  to  gravity,  68-71. 
Projectiles,  117. 

acted  upon  by  two  forces,  117. 

Horizontal  and    vertical   motions  of, 
119. 

Eximples  worked  out,  120. 

Path  of,  118. 

Range  or  random  of,  117. 
Pump,  Air,  57. 

Force,  78. 

Lifting,  77,  78. 

Random  of  projectiles,  117. 
Reaction,  128. 
Reflection,  Angle  of,  l.CO. 

Law  of,  1.30. 
Resolved  part  of  a  force,  95,  97. 
Rest,  89. 

Resolution  of  forces,  95. 
Resultant  of  two  or  more  forces,  94. 


Screvr,  149. 
Siphon,  75,  76. 

Speciflc  gravity,  83-85. 
Stability  of  bodies,  107. 
Summary    of    mechanical    units     and 
formulas,  140. 


Tension,  47. 
Torricellian  vacuum,  53. 
TransforniatloAi  of  energy,  140. 


Units,  Summary  of  mechanical,  140. 
Gravitation  and  absolute,  137, 138. 
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Vacuum,  AbiOlnte,  69. 

Torricellian,  53. 
Falling  bodies  In.  lift. 
Velocity,  90. 
defined,  90. 
Unit  of.  140. 


Weight  less  at  equator  than   at  pole*, 

110. 
Wlieel  and  axle,  14S. 
Work,  131. 

Rate  of  doing,  132. 

Unit  of,  132,  140. 


CHAPTER   III. 


Boiling,  Laws  at,  182. 
point,  Iffl. 

Conduction  of  heat,  162. 
CoMV«((Ctlrtn  of  heat,  163. 
Capacity  for  heat,  192. 

CauBeB  of  dlffer(?nce  In,  193. 
Cold,  Methods  of  producing,  188. 
Conaervatlon  of  eticrgy,  195. 
Correlation  of  energy,  195. 

l>e«r  point,  185. 
I>l<ru8lon  of  heat,  im. 
Distillation,  183. 

EITects  of  heat,  inS. 
Energy,  Confier\-iitlon  of,  195. 

Correlation  of,  105. 
Evaporation,  1S4. 
Expansion  1>y  heat,  168. 

Abnormal,  170. 

Coefficient  of,  169. 

Power  of,  170. 

Freezing  point,  171. 
Fusion,  Laws  of,  182. 
tiaaea.  Kinetic  theory  of,  178. 

Dlffuilon  of,  179. 

Laws  of,  177. 

PreiBure  of,  179. 
Heat,  157-200. 

Capacity  for,  192. 

Conduction  of,  162; 

Convection  of,  163. 

coDvertlblu   into   mechanical    motion, 
157. 

defined,  158. 

Dlftmton  of,  161. 


Heat,  Effects  of,  168. 
Expansion  by,  168. 
generated  by  chemical  action,  159. 
Latent,  187,  18S. 
Liquefaction  by,  180. 
Mechanical  equivalent  of,  196. 
Origin  of  animal,  159. 
Quantity  of,  161. 
Hiidiation  of,  165. 
related  to  work,  158. 
Specific,  191,  192,  193. 
Thermometry,  ITl. 
Units  of,  185. 

Joule's  equivalent,  196. 

Latent  heat,  187,188. 
I>aw,  Mariotte's,  177. 

of  Charles,  177. 
Liaw's,  of  fusion  and  boiling,  182. 

of  gaseous  bodies,  177,  179. 
Liquefaction,  180. 

Table  of  melting  points,  182. 
I^tocoinotlve,  199. 

Mariotte's  law,  177. 
Mechanical  equivalent  of  heat,  196. 

quantity  of  heat,  If.l. 

Radiation  of  heat,  165. 

Speciflc  heat,  101. 

defined,  192. 

Table  of,  193. 
Sun  as  a  source  of  energy,  160. 
Steam-engine,  196. 

CoDdeDsing  and  uon-condenelDg,  198, 
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Tamperature,  Absolute,  176. 

defined,  160. 

dlstinguiBhed  from  quantity  of   heat, 
161. 

measured  by  expansion,  171. 

Measurement  of  extreme,  175. 

Standard  temperatures,  171. 
Tlierino-I>yiianilc8,  195. 
Thermometer,  171. 

Air,  174. 

Conetruction  of,  172. 


Thermometer,  Conversion 
scale  to  another,  173. 
Graduation  of  171. 


from    one 


Vaporization,  ISO. 

Boiling  points  of  water,  182,  183. 
Ventilation,  165. 

Experiments  illustratini;,  166. 
Best  means  of,  167. 
Amount  required,  168. 
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Absolute  units,  228. 
Accuntulators,  298. 
Alphabet,  Telegraphic,  292. 
Ampere,  a  unit  of  current,  227. 
Anp^re's  rule,  204. 

theory,  240. 
Amp^rian  currents,  241. 
Armature,  218. 

Attractions  and  repulsions,  2.37,261,277. 
Aurora  tube,  27C). 

Battery,  Electric,  203. 

Amalgamation  of  zinc  in,  208. 
Appearance   of  hydrogen   at  the  cop. 

per  plate,  206. 
Arrangement  of  cells,  229. 
Bunsen's,  210. 

General  conclusions  concerning,  232. 
Gravity,  212. 
Gremt,  210. 
Grove's,  210. 
Smee's,  209. 
Local  action  in,  208. 
Perfect,  3:32. 

Poles  or  electrodes  of,  204. 
Storage,  298. 
Thermo,  258. 

Coll,  Ruhmkorff' s,  256. 

Induction,  255. 
Condenser,  274. 
Coulomb,  227. 


Current,  Electric,  202. 

Ampferian  currents   241. 

Attraction  and  repulsion  between  cur- 

rents,  237. 
capable  of  doing  work,  214. 
Direction  of,  203. 
Extra,  254. 

First  law  of  currents,  237. 
maintained  by  chemical  action,  206. 
Ohm's  law,  226. 
Second  law  of  currents,  2.39. 
Strength  of,  218,  222. 
Unit  of,  227. 

Diainagnetism,  247. 

Dynamo  machines,  249. 
Commutator  of,  249. 

Earth  a  magnet,  242. 

Cause,  245. 

Magnetic  poles  of,  244. 
Electric  candle,  286. 

lamp,  286. 

motors,  289. 

light,  285. 
Electrical  attractions,  etc.,  237,  261,  277. 

machines,  249,  208,  270,  271,  281. 

measurements,  218,  221,  227,  228. 

resistance,  223, 224,  289. 
Electricity,  Chemical  effects  of,  213. 

Bound,  270. 

Current,  200. 
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Electricity,  Electro-inotivo  force,  225. 

Kru-tioii;il,  2<J0. 

IIc-.iUiit!effectrtof,  212. 

l.uiniiious  effect  of,  2l:i. 

Muirii  tic  etl'ect  of,  217. 

Physiological  effect  of,  210. 

Tliermo,  2.57. 

SUUicaiul  dyuaiiiic,  2ii. 

may  receive  aud  impart  energy,  282. 

What  is,  2-^2. 
Electriticat  ion,  260. 

ou  e.'Lleriial  siirfaee,  2ii7. 

Two  kindH  of,  2r.4. 
Electro-cUtiiilcal  series,  2117. 
Eltctrodes,  2il4. 
KlfC-trolysi.K,  Jl:;. 
Klecti'O-iiiagiiet,  217. 

Power  of,  2:53. 
El«-ctro-ii»ugnetlc  machiues,  219. 
lOIeef  ro-iiiotive  force,  22'),  2-11. 

of  induced  currents,  2')-l. 
Electroiiliuriis,  Jti'.t,  270. 
Electropliitin;;.  2SH. 
ElfCtrosf ope,  200. 
lOlfctrotypiiig,  2S7. 
Energy,  Electric,  How,  originates,  20"i 

'I'lansformation  of,  2H2. 

Examples,  283. 

Kirc-alnriu,  Electric,  293. 

♦ialvniioiueter.  219,  220. 
4>iiIviiiioseo]i<',  205. 
4icittiilc-r'<i  tube8,  -•'.<. 

Ilellx,  21H. 

Induction,  Current,  2.'S3. 

colls,  255. 

Miiiriu'tic,  23.'i. 
insulation,  266. 

Ellfeet  of  moisture  on,  266. 

I..t-yden  jar,  27.'). 
I^eydf'ii  liattery,  270. 
l.iKlitninK,  2M). 
rods,  2'^ii. 


>Iaguets  and  magnetism,  2:i4,  247. 

Geneial  remarks  on,  240. 

Compound   247. 

Law  of,  235 

not  sources  of  energy,  247. 

Natural,  245. 

Permanent  and  temporary,  2.34. 

Polarity  of,  236. 
Magnetic  transparency,  2  '>■'). 
Magnetic  needle,  Ampere's  rule,  2U4. 

Declination  of,  244. 

Dip  of,  242. 

hine  of  no  variation  of,  245. 
^lagneto  machines,  249. 
illeasureinents,  Klectrii-al,  ils. 

Experiiuent.s  in,  221. 

Summary  of,  227,  22S. 

Units  of,  228. 
Hficrophone,  297. 

Ohm,  22s. 
Ohm's  law,  226. 

Paramagnetism,  247. 

Potential,  Electric,  204,  207. 
Points,  EfTect  of,  277,  27s. 

Relay  and  repealer,  290,  29 1. 
Resistance,  Formula  for,  223. 

Internal,  224. 

of  the  earth,  280. 

Table  of,  224. 

Storage  battery,  298. 

Telegraph   28  t. 

alphabet,  29J. 

sounder,  290. 

Fac-simile,  292. 

Fire-alarm,  2';. 
T«lephone,2'>4. 
Thermopile,  253. 

Volt,  22s. 
Voltaic  arc,  285. 
Voltameter,  219. 
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IVoise  distincniii^hfd  from  musical  soiii.il, 
315. 

Scale,  Limits  of,  317. 
Siren,  316. 
Sound.  29f). 

Analysis  of,  320. 

defined,  .308. 

How,  originates,  30.5. 

How,  travels,  .306. 

Loudness  of,  313. 

Media  of,  308. 

Pitch  of,  316. 

Quality  of,  319. 

Reflection  of,  211. 

Refraction  of,  312. 

Velocity  of,  309. 

Wave-sounds,  30-5. 
Speaking-tubes,  314. 

Vacuum,   Sound   cannot  travel  throusj;h 
a,  306. 


Velocity  of  sound,  30ii. 

depends  on  density   and   elasticity  of 

medium,  309. 
Vibration,  deflued,  :'.oo. 

Direction  of,  300. 

Longitudinal,  .300,  306. 

Propasation  of,  301. 

Simple  and  complex,  300. 

Torsional,  300,  306.  • 

Transverse,  300. 

of  strings,  318. 

Waves,  Air,  .307. 

Amplitude  of,  301. 

Air  as  a  medium  of,  303. 

How,  propagated,  .304. 

Length  of,  301. 

Longitudinal,  302,  303. 

Reflection  of,  301. 

transmitted  in  elastic  medium,  .303. 

Transverse,  303. 

Water,  302. 
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Aberration,  Chromatic,  .369. 
Aclironiatic  lens,  .370. 
Analysis  of  light,  3.J6. 
Atlierniancy,  363. 

Beam  of  light,  323. 

Camera  obscura,  .367. 

Photographer's,  367. 
Candle-power,  331. 

Color,  .361. 

by  absorption,  361. 
Cause  of,  359,  302. 

I>ew,  366. 

Diathermancy,  363. 
Dispersion  of  light,  3.')7,  3.59. 

Knergy,  Radiant,  .321. 
Kther,  a  medium  of  motion,  322. 


G.xchanges,  Theory  of,  3(;'). 
Eye,  Human,  368. 

Foci,  Conjugate,  340,  353. 
Focus,  Principal,  .3-52. 
Virtual,  353. 

Heat  and  chemical  spectra,  S'lO. 
All  bodies  radiate  heat,  365. 

Images,  325. 

Formation  of,  341,  343,  ,344,  3-53 

Real,  342. 

Size  of,  354. 

through  apertures,  327. 

To  construct,  354. 

Virtual,  .355. 

Licnses,  350. 

Effect;^  of,  351. 
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LLebt.  a  fonn  of  enengy,  321. 

Aflalvsis  of,  356. 

Diffused,  337. 

Beflectioii  of,  336. 

Syntheses  of,  SsS. 
L.iuniiioas  and  illnminated  bodies,  336. 

MitT<»»€«p«-.  Simple,  35'<. 

Compound,  366. 
Mirrors,  Reflection  from,  35*. 

General  effect  of  concave,  341. 

♦ 

Opacitj-,  ^5. 

PmcU  of  H^,  323. 
Pentrmbra,  S2«,  329. 
Photometry,  330, 331. 
Prisms,  Optical,  SaO. 

Radiation,  Only  one  kind  of,  361. 

Thermal  effects  of,  363. 
Radiators,  Good,  365. 
Radiometer,  321. 
Ray  of  light,  323. 


Reflection,  336. 

from  concave  mirrors,  339. 
Refraction,  345. 
Cause  of,  346. 
Index  of,  347. 
Law  of,  3tS. 
Table  of  Indices  of,  3*8. 

Seeing  an  object,  324,  332. 

Shadovrs,  32S. 

Siie,  Methods  of  estiniating,  333,  3S4. 

Spectmm,  S5T. 

Stereopticon,  370. 

Telescope.  ABtronomical,  367. 
Translacency,  325. 
Transparency,  325. 

rmbra,  328,  329. 
Tndnlatory  theory,  323. 

Velocity  of  light,  334,  33*. 
Visual  angle,  332. 
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